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ABSTRACT 
Concrete is the most widely used man-made material on the planet. 
Unfortunately, producing Portland cement generates carbon dioxide (a greenhouse gas) at 
roughly a pound for pound ratio. High-volume fly ash (HVFA) concrete- concrete with 
at least 50% of the cement replaced with fly ash - offers a potential "green" solution. 
However, because it is still relatively new and has some disadvantages, there are still 
many questions that need to be answered. 
Most research to date has consisted only of the evaluation of the strength and 
durability of HVFA concrete mixtures, while only a limited number of studies have 
implemented full-scale testing of specimens constructed with HVFA concrete to 
determine its potential use in the industry. For this research, a laboratory testing program 
was developed to investigate the shear performance of reinforced concrete (RC) beams 
constructed with HVFA concrete. The experimental program consisted of 36 tests 
performed on full-scale RC beams. The principal parameters investigated ~ere: (1) 
concrete type (HVFA or conventional concrete), (2) amount of shear reinforcement, and 
(3) amount of longitudinal (flexural) reinforcement. The full-scale beams in this study 
were analyzed using several different approaches, including the standard truss model, 
modified compression field theory, and fracture mechanics formulations. The full-scale 
test results were compared to the theoretical results using design approaches contained in 
several codes common to North America and Europe. The results indicate that existing 
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Fly ash is one of the by-products of the combustion of coal in electric power 
generating plants. For over 75 years, fly ash has been widely used as a supplementary 
cementitious material for the production of concrete in the United States and other 
countries. Typically, fly ash replacement levels for the production of concrete have been 
limited to roughly 35% by weight of the total cementitious materials due to concerns 
about in-place performance and constructability. 
Concrete, which is the most widely used construction material on the planet, is a 
composite of coarse and fine aggregates, Portland cement, and potable water. However, 
Portland cement production poses challenges of excessive energy usage and depletion of 
natural resources. Additional to this, there is an abundance of coal combustion products 
(CCPs), such as fly ash, that are disposed of in landfills that could instead be utilized 
positively in the production of concrete. Portland cement is chemically manufactured 
from calcium, silicates, and aluminates in a process that releases carbon dioxide as a by-
product into the atmosphere and reduces the mineral resources of our planet. In 2007, the 
world production of cement was approximately 2.6 billion metric tons, with 127 million 
produced and consumed within the United States. However, when a ton of fly ash is used 
in place of Portland cement, 55 gallons of oil required to produce the Portland cement is 
saved and an equal amount of carbon dioxide that would be produced by the 
manufacturing process is prevented from entering the Earth's atmosphere, hence making 
a significant positive impact on the environment and preservation of natural resources 
(ACAA, 2009). 
Portland cement is the most expensive material used in the production of 
concrete. The cost of one ton of fly ash is typically half the price of one ton of Portland 
cement. Therefore, the production cost for concrete can also be reduced by replacing a 
portion of the cement with less expensive cementitious materials. High-volume fly ash 
(HVF A) concrete may be produced with significant cost savings when compared to 
conventional Portland-cement concrete. 
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In an attempt to improve the environment and enhance the concrete industry, it is 
essential to provide more sustainable and green options as solutions and better 
alternatives to existing products. Extensive research has been done in an attempt to make 
concrete products more sustainable and cost effective, and HVFA concrete is one 
potential option. 
In addition to the economic and environmental advantages presented above, 
HVF A concrete has shown better performance characteristics when compared to 
conventional Portland-cement concrete. Fly ash is now used in concrete for many 
reasons, including: improvements in workability of fresh concrete, reduction in 
temperature rise during initial hydration, improved resistance to sulfates, reduced 
expansion due to alkali-silica reaction, and increased durability and strength of hardened 
concrete (ACI 232.2R, 2003). 
The two most common classes of fly ash used in concrete are Class C and Class F 
as defined by ASTM C618 [2008] "Standard Specification for Coal Fly Ash and Raw or 
Calcined Natural Pozzolan for Use in Concrete". Both classes are pozzolanic, meaning 
they react with excess calcium hydroxide (CH) in concrete, formed from cement 
hydration, to form calcium silicate hydrate (CSH), but Class C also contains higher levels 
of calcium which makes it more desirable for higher replacement percentages. 
In conclusion, HVFA concrete could offer a solution to the problem of meeting 
the increasing demands for concrete in the future in a sustainable manner and at reduced 
or no additional cost, and at the same time reducing the environmental impact of two 
industries that are essential to economic development, the Portland cement industry and 
the coal-fired power industry. The use of high volumes of fly ash in concrete generates a 
direct link between durability and resource productivity, thus increasing the use of HVFA 
concrete will help to improve the sustainability of the concrete industry. 
The main problem with using HVF A concrete in construction is the increased 
setting time. Retarded set time delays form removal, which increases time of construction 
(Marotta et al., 2011). Since labor is the primary cost contributing factor in construction, 
the setting time of high-volume fly ash concrete must be accelerated. Previous research 
has proven that the addition of chemical admixtures or activators, such as calcium 
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hydroxide and gypsum, assist in initiating the hydration process allowing for a shorter 
curing period, while still gaining sufficient strength. 
1.2. OBJECTIVE AND SCOPE OF WORK 
The main objective of this research study was to evaluate the shear behavior and 
response of HVF A concrete through material, component, and full-scale testing. This 
objective included a study and evaluation of current analytical models used to predict the 
sh~ar response of conventional Portland-cement concrete as applied to HVFA concrete, 
including recommended modifications. 
The following scope of work was implemented in order to achieve the objective 
of the research study: 
• Perform a literature review; 
• Develop a research plan; 
• Develop mix designs for both conventional and HVF A concrete; 
• Evaluate the hardened properties of several HVF A concrete mixes; 
• Design and construct small and full-scale specimens; 
• Test specimens to failure; 
• Record and analyze data from tests; 
• Compare test results to current guidelines and previous research findings; 
• Provide greater insight into the shear resistance mechanisms and quantify 
their effect; 
• Evaluate the applicability of current analytical models to predict the shear 
behavior and response of HVF A concrete; 
• Develop conclusions and recommendations; and 
• Prepare this dissertation to document the details, results, findings, 
conclusions, and recommendations of this study. 
1.3. RESEARCH METHODOLOGY 
The proposed research methodology included eight (8) tasks necessary to 
successfully complete the study. They are as follows: 
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Task #1: Perform a literature review. The goal of the literature review was to 
become familiarized with testing methods and results from previous studies. This 
knowledge was used for a better understanding of the behavior of the specimens, to avoid 
mistakes, as well as to provide support for comparisons. 
Task #2: Perform aggregate material testing. Before mix designs could begin, 
aggregates were obtained locally for use in the concrete. Standard tests were performed 
on the aggregates, both fine and coarse, to determine their properties. These tests 
included: specific gravity, unit weight, sieve analysis, absorption, and surface moisture 
content. These material properties were used along with ACI 211.1-91 to create the initial 
conventional concrete mix design. 
Task #3: Develop a HVFA concrete mix design. The purpose of this task was to 
develop a HVFA concrete mix design that maximized the percentage of fly ash, but that 
still fulfilled typical construction needs, such as early strength development. This mix 
design served as the basis for this research. A conventional concrete mix design served as 
a control during this study. ACI 211.1-91 formed the basis for developing the mix 
designs. 
Task #4: Perform material and component testing. A number of hardened concrete 
property tests were completed to evaluate the performance of the HVF A concrete mix 
and determine the validity of using these tests to predict the performance of concretes 
containing high volumes of fly ash. Fracture mechanics specimens were also tested to 
determine fracture energy of both conventional and HVFA concrete mixes for 
comparison purposes and for use in evaluating potential analytical models for predicting 
shear response and behavior. 
Task #5: Perform full-scale testing. This task was critical as current shear design 
provisions for reinforced concrete are largely empirical. This task involved the 
construction and testing of full-scale specimens to confirm the potential of HVFA 
concrete. The full-scale specimens included beam specimens for shear testing only. These 
specimens were constructed with materials from the local Ready Mix Concrete plant to 
validate the ability of transferring the mix design from the laboratory to the field. In order 
to compare the shear strength of conventional and HVF A concrete, full-scale beams were 
tested in a third point loading configuration. These beams were designed to fail in shear 
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by increasing the flexural reinforcement. Different longitudinal reinforcement ratios and 
stirrup designs were also considered. Strain gauges were applied to the stirrups and to the 
flexural reinforcement, and the maximum load applied to the beam was also recorded and 
used to calculate the strength of the beams and the different shear components. 
Task #6: Analyze test data. The material, component, and full-scale test results 
were analyzed to evaluate the shear behavior and response of HVFA concrete compared 
to conventional Portland-cement concrete. The test data included: concrete compressive 
and tensile strength, modulus of elasticity (MOE), modulus of rupture (MOR), fracture 
energy, principal concrete strains, shear force-deflection plots, shear and flexural 
reinforcement strains, shear components, and others. These results formed the basis of the 
analytical study of the following task. 
Task #7: Evaluate current analytical models. The results of the previous task were 
used to evaluate the applicability of current analytical models for conventional Portland-
cement concrete to predict the shear response and behavior of HVF A concrete. These 
models included: truss model, Modified Compression Field Theory (MCFT), fracture 
mechanics-based models, statistical models, etc. This evaluation also included current 
design code provisions for conventional Portland-cement concrete. 
Task #8: Develop findings, conclusions, and recommendations. This task 
synthesized the results of the previous tasks into findings, conclusions, and 
recommendations on the shear behavior and response of HVFA concrete. 
1.4. DISSERTATION OUTLINE 
This thesis includes eight chapters and eight appendices. This section will discuss 
the information that will be presented in more detail throughout this document. 
Chapter 1 acts as an introduction to the dissertation. This introduction contains a 
brief background of fly ash as a material, fly ash as a mineral admixture to concrete, and 
the environmental concerns regarding Portland cement production. It also discusses the 
research objective, scope of work, and research plan. 
Chapter 2 includes information from previous research performed on the 
characterization of fly ash and its applications as a concrete binder. A brief description of 
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two of the major cementitious materials used in concrete, Portland cement and fly ash, is 
also given in this chapter. 
Chapter 3 presents information from previous research performed on shear design 
including the different methods and approaches formulated to address this phenomenon. 
Four different approaches are presented: truss model, Strut and Tie Model (STM), 
Modified Compression Field Theory (MCFT), and fracture mechanics approach. A 
collection of three design code philosophies that can be found in North America are also 
presented in this chapter. 
Chapter 4 describes the process followed to develop the conventional and HVFA 
concrete mix designs. This chapter also presents the chemical composition and 
morphology of the fly ash and Portland cement used in this study, and the compressive 
strength results from cube and cylinder testing during the development of the mix 
designs. 
Chapter 5 includes information about the experimental program. The 
experimental program consisted of 36 tests performed on full-scale reinforced concrete 
beams as well as material and component testing to determine hardened concrete 
properties such as compressive strength, splitting tensile strength, flexural strength, 
modulus of elasticity, and fracture energy. This chapter describes the fabrication process, 
test set-up, and instrumentation for the full-scale and fracture mechanics testing. 
Chapter 6 presents the test results and the different analyses used to investigate 
the shear resistance mechanisms. The overall behavior of the specimens is described first, 
with a focus on crack patterns, failure modes, and shear strength. Next, the shear 
contributions of each component quantified using the measured strains in the stirrups are 
discussed. Principal strains in the test regions were also calculated using the demountable 
mechanical strain (Demec) gauge readings measured during the test of each specimen. 
Finally, this chapter also presents the results of the fracture mechanics testing performed 
on component specimens constructed with the conventional and HVFA concrete mixes. 
Chapter 7 presents the analysis of the full-scale beams in this study using several 
shear design approaches that include the standard truss model, modified compression 
field theory, and fracture mechanics approach. This section also includes in addition to a 
direct comparison between the test results and predicted capacities, a section to compare 
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the different factors that influence the design code shear capacities -such as critical crack 
angle and longitudinal strain - by examining the values measured during the tests with 
those calculated using the design codes. This chapter also discusses the experimental 
results of the calculation of fracture energy for both types of concrete. As a closing point, 
this chapter contains a section to compare the experimental results of this study to over 
950 experimental results available in the literature. 
Chapter 8 concludes this document, summarizing the findings and conclusions of 
this study and proposing future research. 
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2. LITERATURE REVIEW ON FLY ASH 
2.1. GENERAL 
Conventional Portland-cement concrete is produced more than any other material 
in the world. It is used in every civil engineering field for applications such as pavements, 
dams, bridges, and buildings because of its versatility, strength, and durability. In this 
chapter, a brief review is presented of the research performed on concrete mixtures 
containing high levels of fly ash by weight of the cementitious materials. Mechanisms are 
discussed by which the incorporation of high volumes of fly ash in concrete reduces the 
water demand, improves the workability and finishing aspects of the concrete, minimizes 
cracking due to thermal and drying shrinkage, and enhances durability to reinforcement 
corrosion, sulfate attack, and alkali-silica expansion. 
Fly ash incorporated in concrete has shown results of increased strength and 
durability of the concrete. Its utilization in the US stretches back to the 1930s when it was 
first used on construction of the Hoover Dam. Fly ash from coal-burning electric power 
plants became readily available as early as the 1930s with the first study published by 
Davis et al. in 1937. 
Concrete with high volumes of fly ash can be produced to achieve desired 
strengths at various ages, with a given water-cementitious ratio, aggregate size, air 
content, and slump as it is done for conventional concrete. In some instances 100% fly 
ash (Class C) concrete has been produced and has been found to meet acceptable concrete 
standards. However, its use has not yet found much acceptance in the construction 
industry due to its low early strength. 
Concrete with fly ash has been widely used in the highway industry. Fly ash has 
been used in several engineering applications such as structural fill, waste stabilization 
and solidification, soil stabilization, aggregate and filler material, road sub-base, raw feed 
for cement clinkers, mine reclamation, grout, and of course, as partial replacement of 
Portland cement. However, considering that concrete containing fly ash has been 
acknowledged as a green product, the amount of fly ash produced is still much greater 
than the amount of fly ash that is put to beneficial use. 
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A brief description of two of the major cementitious materials used in concrete, 
Portland cement and fly ash, is given in this chapter as well as a summary of previous 
studies on the characterization of fly ash and its applications as a concrete binder. 
2.2. USE OF FLY ASH AS SUPPLEMENTARY CEMENTITIOUS MATERIAL 
2.2.1. Background. The United States consumes over 108 million tons of 
Portland cement each year, roughly 25% of which is imported (Butalia and Bargaheiser, 
2004). The use of Portland cement is expected to continue to grow throughout the world. 
Unfortunately, the challenge is that for every ton of cement produced, approximately one 
ton of carbon dioxide (C02) is released into the atmosphere, and carbon dioxide is the 
primary greenhouse gas (GHG) attributed to global warming and climate change. 
However, concrete, of which Portland cement is the active ingredient, is an extremely 
versatile construction material and is, in fact, the second most consumed product in the 
world, just below water. Current U.S. production of Portland cement contributes over 75 
million tons of C02 to the earth's atmosphere annually. Governmental regulations and 
growing concerns over GHG emissions are stimulating the cement industry to examine 
the increased use of supplementary binder materials in order to reduce C02 emissions. 
The increased interest in sustainable design and construction has created an 
interest in Coal Combustion Products (CCPs) or Coal Combustion Residuals (CCRs). 
According to the United States Geological Survey, CCPs rank third as the most abundant 
non-fuel mineral resource in the U.S., with its annual production just below crushed 
stone, sand, and gravel. Seventy percent of all energy in the U.S. is produced by 
approximately 720 coal-fired power plants in 45 states. When burning coal at these power 
plants, two main types of ash are produced, fly ash and bottom ash. Fly ash is the very 
fine material carried in the flue gas, typically collected by a baghouse, and stored in silos 
as shown in Figure 2.1. Bottom ash is the larger/heavier particles that fall to the bottom of 
the boiler after combustion. The 720 coal-fired power plants produce approximately 63 
million tons of fly ash annually. About 31 million tons are disposed of in landfills. Only 
approximately 12 million tons are recycled and put to beneficial reuse in the concrete 
industry. The remaining 20 million tons are used for a range of other applications 
including soil stabilization, roller compacted concrete, road base stabilization, etc. 
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Figure 2. 1 - Fly ash production 
(hllp://www. tradc indi a .com/fp42636 1 /Ammonia-Flue-Ga~-Conditioning-System~. html ) 
2.2.2. General remarks on Portland cement. The manufacture of Portland 
cement requires raw materials that contain lime, silica, alumina, and iron. After the 
materials are acquired, the limestone is reduced to an approximately 5 in. size in the 
primary crusher and fu rther reduced to ¥.! in. in the secondary crusher. For a better 
understanding, Figure 2.2 presents a flow chart of the manufacture of Portland cement. 
All raw material are stored in the bins and proportioned prior to delivery to the grinding 
mill. There are two processes, the wet process that results in a slurry, which is mixed and 
pumped to storage bins, and the dry process that produces a fine ground powder which is 
also stored in bins (Marotta et al. , 20 II ). Both processes feed the rotary kilns where the 
chemical changes take place. Once the raw feed has been ground and blended, it is fed 
into the kiln, and as the kiln rotates, the material passes lowly from the upper to the 
lower end at a rate controlled by the slope and speed of rotation of the kiln. Four distinct 
processes take place in the kiln: evaporation, caJcination, cl inkering, and cooling 
(Mindess et al. , 2002). In the evaporation zone, the feed is heated to calcination 
temperatures to remove free water. In the calcination zone, the feed is transformed into a 
reactive mixture of oxides that can enter into new chemical combinations. As the material 
passes th rough the kiln, its temperature is raised to the point of clinkering. In the 
clinkering zone, the final cherrucal combination occurs to form the calcium silicate . 
Depending on the raw material, this temperature varies between 2400°F and 2700°F. 
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Finally, as the material moves past the flame, it rapidly drops off in temperature in the 
cooling zone. Here the liquid phase solidifies to produce the hard nodules called clinker. 
Clinker is the final state of the material as it emerges from the kiln. The clinker produced 
is black or greenish black in color and rough in texture. The material is then transported 
to final grinding where gypsum is added to control the setting time of the Portland 
cement when it is mixed with water. If gypsum is not added, flash setting of the clinker 
could occur. 




Portland cements are typically composed of four basic chemical compounds 
summarized in Table 2. 1 with their names, chemical formulas and abbreviations, and 
approximate weight percent for an ordinary Portland cement. Each of these compounds 
exhibits a particular behavior. The tricalcium silicate hardens rapidly and is largely 
responsible for initial set and earl y strength. The dicalcium silicate hardens slowly and its 
effect on strength increases occurs at ages beyond one week. The tricalcium aluminate 
12 
contributes to strength development in the first few days because it is the first compound 
to hydrate. However, the tricalcium aluminate is the least desirable compound due to its 
high heat generation and reactiveness with soils and water with moderate-to-high sulfate 
concentration. The tetracalcium aluminoferrite aids in the manufacture of Portland 
cement by allowing lower clinkering temperature. The presence of gypsum slows the 
early rate of hydration of the tricalcium aluminate. 
Table 2.1 -Typical composition of an ordinary Portland cement (Mindess et al., 2002) 
Chemical name Chemical formula Abbreviation Weight(%) 
Tricalcium silicate 3Ca0 · Si02 c?,s 55 
Dicalcium silicate 2Ca0 · Si02 C2S 18 
Tricalcium aluminate 3Ca0 · Al203 C3A 10 
Tetracalciurn aluminoferrite 3Ca0 · AlzO-:>. · Fe20-:>. C4AF 8 
Calcium sulfate dihydrate CaS04 • 2H2 0 CSH2 6 (gypsum) 
Hydration is the chemical reaction that takes place when Portland cement and 
water are mixed together. The hydration reaction is considered complete at 28 days. The 
process when cement is mixed with water to form a paste is called setting. Most Portland 
cements exhibit initial set in about 3 hours and final set in about 7 hours (Marotta et al., 
2011 ). The hydration reaction of Portland cement is exothermic. Thus, the concrete is 
being continually warmed by internal heat during the hardening process. 
There are two possible problems of early stiffening on cement paste. The first one 
is termed false set, which refers to the rapid development of rigidity in cement paste with 
little evidence of significant heat generation. The plasticity can be regained by further 
mixing with no addition of water. And the second one is termed flash set, which refers to 
the rapid development of rigidity in cement paste with the release of considerable heat. 
This phenomenon cannot be overcome and the plasticity cannot be regained. 
2.2.3. General remarks on fly ash. Fly ash is a coal ash recovered in an 
electrostatic precipitator (ESP) at coal-fired thermal power plants and contains small 
amounts of iron, magnesium, and calcium as well as the main elements of silica and 
aluminum. Most thermal power plants use furnaces fired with pulverized coal. As the 
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coal travels through the high-temperature zone in the furnace, the volatile matter and 
carbon are burnt off whereas most of the mineral impurities are carried away by the flue 
gas in the form of ash (Malhotra and Mehta, 2008). These ash particles become fused in 
the combustion zone of the furnace but once they leave the combustion zone, the molten 
ash is cooled rapidly and solidifies as spherical, glassy particles. 
The ASTM C618 [2008] "Standard Specification for Coal Fly Ash and Raw or 
Calcined Natural Pozzolan for Use in Concrete" uses the bulk chemical composition to 
subdivide fly ashes into two classes, C and F, which reflect the composition of the 
inorganic fractions. However, this standard does not address the nature or reactivity of 
the particles. Class F fly ashes are produced from either anthracite bituminous or sub-
bituminous coals. Class C fly ashes derive from sub-bituminous or lignitic coals. In other 
words, the two classes of fly ash are distinguished by the silica oxide content of the type 
of coal burned. Fly ash can be cementitious or pozzolanic, or both. Class F fly ash is 
pozzolanic while Class C fly ash is cementitious and pozzolanic. Cementitious fly ash 
hardens when wetted while pozzolanic fly ash requires a reaction with lime before 
hardening. This is why Class C fly ash has a higher potential for use in high-volume fly 
ash (HVFA) concrete. Table 2.2 summarizes the average bulk composition of both class 
C and F fly ashes based on 97 and 45 analyses, respectively, developed by Scheetz et al. 
(1997). 
Fly ash consists of heterogeneous combinations of amorphous (glassy) and 
crystalline phases (ACI 232.2R, 2003). The largest fraction of fly ash consists of glassy 
spheres of two types, solid and hollow, that usually represent 60 to 90% of the total mass 
of the fly ash, with the remaining fraction made up of a variety of crystalline phases. This 
union of phases makes fly ash a complex material to classify and characterize in specific 
terms. 
Low calcium fly ashes (Class F) contain chemically inactive crystalline phases: 
quartz, mullite, ferrite spinel, and hematite class. High calcium fly ashes (Class C) 
contain the previously mentioned phases but may also contain additional crystalline 
phases such as anhydrite, alkali sulfate, dicalcium silicate, tricalcium aluminate, lime, 
melilite, merwinite, periclase, and sodalite (ACI 232.2R, 2003). These additional phases 
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found in the Class C fly ash are reactive, and this is why Class C fly ash exhibits both 
cementitious and pozzolanic properties. 
Fly ash looks very similar to cement in appearance. However, when magnified, 
fly ash will appear as spherical particles, similar to ball bearings, whereas cement appears 
angular, more like crushed rock as shown in Figure 2.3. The small size of the fly ash 
particles is the key to producing smooth cement paste, allowing better bonding between 
aggregate and cement, and resulting in a more durable concrete. The round shape of the 
particles increases the concrete workability without adding extra water. 
The use of fly ash (Class C and Class F) in concrete offers several significant 
advantages such as: 
• Improved freeze-thaw durability. 
• Improved long-term strength of the concrete. 
• Increased workability (plasticity) of the concrete. 
• Increased flexural and compressive strength of the concrete. 
• Increased pumpability. 
• Reduced permeability. 
• Reduced water-to-cementitious materials ratio (w /em)· 
• Reduced concrete segregation. 
• Reduced heat of hydration. 
• Reduced bleeding of the concrete. 
• Reduced corrosion damage. 
• Reduced cost of the concrete. 
• Reduced volume changes (dry shrinkage). 
However, the use of fly ash requires some considerations. Although certain fly 
ashes exhibit some cementitious properties, the main contribution to the hardened 
concrete properties results from the pozzolanic reaction of the fly ash with the calcium 
hydroxide (Ca(OH) 2 ) released by the Portland cement during hydration. The pozzolanic 
reaction typically occurs more slowly than cement hydration reactions and consequently 
concrete containing fly ash requires more curing during early ages. Figure 2.4 presents a 
graphic description of the pozzolanic reaction (Headwaters Resources Tech Bulletin, 
2008). 
15 
Table 2.2- Average bulk composition of class C and F fly ashes 
Oxide Weight %1 STD Class C Class F 
Si02 36.9 ± 4.7 52.5 ± 9.6 
Al2 03 17.6±2.7 22.8 ± 5.4 
Fe20?. 6.2 ± 1.1 7.5 ± 4.3 
CaO 25.2 ± 2.8 4.9 ±2.9 
MgO 5.1±1.0 1.3 ± 0.7 
Na20 1.7 ± 1.2 l.O ± 1.0 
K20 0.6 ±0.6 1.3 ± 0.8 
503 2.9 ± 1.8 0.6 ± 0.5 
Moisture 0.06 ± 0.06 0.11±0.14 
LOJ 0.33 ± 0.35 2.6 ± 2.4 
Figure 2.3- Comparison between Portland cement (left) and fly ash (right) shapes 
HYDRATION PRODUCTS OF CEMENTING BINDERS 
PORTLAND CEMENT 
PORTlAND 
CEMENT + WATER 
(PC) (H20) 
PORTLAND CEMENT 
PORTLAND + FLY + WATER CEMENT ASH 
(PC) (FA) (H20) 
DURABLE BINDER 
NON-DURABLE BINDER 
Figure 2.4 - Pozzolanic reaction 
2.3. HIGH-VOLUME FLY ASH (HVFA) CONCRETE 
CALCIUM SILICATE HYDRATE 
(CSH) 
CALCIUM SILICATE HYDRATE 
(CSH) 
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T11rough pollDianic activity, fly ash 
combines with tree lime to prodoce the 
same cemenUtlous compounds formed 
by the hydration of Portland Cement. 
Currently in the U.S., traditional specifications limit the amount of fly ash to 25 to 
35% replacement by weight of the Portland cement in the concrete. Recent studies have 
shown that higher cement replacement percentages (up to 70%) can result in excellent 
concrete in terms of both strength and durability. Referred to as high-volume fly ash 
(HVFA) concrete, th is type of concrete offers a viable alternative to traditional Portland-
cement concrete (referred to as conventional concrete) and is significantly more 
sustainable. HVFA concrete is typically defined as concrete having a fl y ash content of 
50% or greater by weight of cementitious materi als. As sustainability concerns continue 
to increase in both the construction industry and society as a whole, greater emphasis is 
being placed on producing concrete mixtu res with increased volume fractions of 
supplementary cementitious materials, such as fl y ash. 
However, HVFA concrete can be susceptible to long delays in finishing and may 
sometimes lack necessary early age strength development. At all replacement rates, fly 
ash generally slows down the setting time and hardening rates of concrete at early ages. 
Powder additions ex ami ned in previous research (Bentz , 20 l 0) showed that the addition 
of 5% calcium hydroxide by mass of the total so lids provides a significant reduction in 
the retardation measured in mixtures based on either class of fly ash. 
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2.4. PREVIOUS STUDIES RELATED TO HVFA CONCRETE 
In 1937, Davis et al. conducted a study to determine the effect of using fly ash as 
a replacement for Portland cement upon the properties of mortars and concretes. This 
study included fly ashes from fifteen different sources and Portland cements of seven 
compositions. In this study, fly ashes in percentages up to 50% were blended with the 
Portland cements. The properties investigated included strength, elasticity, volume 
change, plastic flow, heat of hydration, and durability as indicated by resistance to 
freezing and thawing, and by resistance to the action of sodium sulfate. The authors 
concluded that fly ashes of moderately low carbon content and moderately high fineness 
exhibit a high degree of pozzolanic activity as compared with most natural pozzolans. 
They reported that when such fly ashes are used in moderate percentages (between 30% 
and 50%) as replacement of Portland cement, it is possible to produce concretes with the 
same quality and sometimes superior than those concretes made of Portland cement only. 
In fact, Davis et al. reported that concrete mixes containing fly ash had lower 
compressive strengths at early ages but substantially higher compressive strengths at later 
ages, as well as lower heat of hydration and greater resistance to sulfate attack. 
In 1985, the Canada Center for Mineral and Energy Technology (CANMET) 
developed HVFA concrete incorporating high volumes of low-calcium fly ash (Class F). 
Numerous investigations performed at CANMET showed that HVFA concrete has 
excellent mechanical properties and durability characteristics. 
In 1989, Langley et al. investigated concrete incorporating high volumes of Class 
F fly ash. These concrete mixtures contained 56% replacement of fly ash by weight of the 
total cementitious materials. The concretes investigated presented several different water-
to-cementitious materials ratios. Because of the very low water contents used in this 
study, a high-range water reducer (HRWR) admixture was used to achieve high slumps. 
The authors concluded that the use of high volumes of Class F fly ash in concrete provide 
an economical material for strengths on the order of 9,000 psi at 120 days. They also 
reported that the extensive laboratory data showed that the optimum percentage of fly ash 
should be in the range of 55% to 60% of the total cementitious materials content. In terms 
of significant conclusions, they reported that the test data on strength properties, modulus 
of elasticity, drying shrinkage, creep, and freeze-thaw durability showed that concrete 
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incorporating low Portland cement contents and high volumes of fly ash compared 
favorably to conventional Portland-cement concrete. 
In 1990, CANMET carried out a project to develop an engineering data base on 
HVFA concrete incorporating selected fly ashes and cements from the U.S. This 
investigation was performed by the Electric Power Research Institute (EPRI) in Palo 
Alto, CA. Eight fly ashes, covering a wide range of mineralogical and chemical 
compositions, and two ASTM Type I Portland cements from two different sources were 
used in this study. A total of 16 air-entrained concrete mixtures were considered. The 
water-to-cementitious materials ratio was maintained at a constant value of 0.33 for all 
mixtures. The proportion of fly ash in the total cementitious materials content was 58% 
by weight. Bilodeau et al. (1994) concluded that regardless of the type of fly ash and the 
ASTM Type I brand of cement used, all air-entrained, HVF A concretes exhibited 
excellent durability characteristics to freezing and thawing cycling, resistance to chloride-
ion penetration, and water permeability tests. However, they reported that the 
performance of HVFA in deicing salt-scaling tests was unsatisfactory. 
In 1993, Carette et al. studied the properties of fresh and hardened HVFA 
concretes. The properties of fresh concrete investigated included workability, bleeding, 
setting time, and autogenous temperature rise. The properties of hardened concrete 
investigated were compressive, flexural, and splitting-tensile strengths, modulus of 
elasticity, creep, and drying shrinkage. The authors concluded that a high-performance, 
air-entrained HVFA concrete can be produced with the eight fly ashes (produced in the 
U.S.) and two Portland cements used in this study. The HVFA concrete produced 
presented low bleeding, satisfactory slump and setting characteristics, and low 
autogenous temperature rise. The authors also reported that these concretes also presented 
excellent mechanical properties with compressive strengths reaching as high as 7,000 psi 
and modulus of elasticity of 6,000 ksi at 91 days. In terms of significant findings, they 
reported that using Portland cement with a high C3A alkali content resulted in 
considerably higher strength values at early ages than those obtained with the use of a 
Portland cement with low C3A alkali content. 
In 1994, Berry et al. examined the hydration chemistry and microstructure of a 
paste prepared incorporating 58% of a typical Class F fly ash and a Portland cement from 
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U.S. sources, and a paste with Portland cement only. The authors performed thermal 
analysis, x-ray diffraction, pore fluid extraction, and scanning electron microscopy to 
study cement and cement-fly ash pastes cured up to 180 days. They observed extensive 
participation by the fly ash in hydration and cementation reactions. They concluded that 
cement pastes in which 58% of the mass of Portland cement was replaced by fly ash 
appeared to hydrate and gain strength by the following mechanisms: (a) the hydration of 
Portland cement by normal chemical reaction, (b) the improved densification through 
particle packing, aided by the use of superplasticizers and the spherical shape of the fly 
ash, (c) the reactions of fly ash particles that produced insoluble silicate and aluminate 
hydrates at particle boundary regions at late ages, and (d) the hydration of individual fly 
ash particles that remained physically intact and largely unchanged in morphology, 
capable of filling in void space (paste densification). 
In 1995, Galeota et al. studied the mechanical and durability properties of HVFA 
concretes for structural applications. They used four different concrete mixtures with fly 
ash from an Italian source, varying from 0% to 50% replacement by weight of the total 
cementitious materials. They evaluated the compressive, flexural and splitting-tensile 
strength, modulus of elasticity, fracture parameters, concrete-steel bond properties, 
drying shrinkage, and durability properties. The authors reported that concretes 
containing 30% and 40% replacement of Portland cement with fly ash showed adequate 
early age compressive strength at 3 days for structural applications (approximately 3,500 
psi). They also found that the modulus of elasticity in all the HVFA concretes of this 
study was a little lower (approximately 10% lower) than that of the conventional mix; 
however, it was still considered adequate for structural applications. One of the most 
significant findings the authors reported was that after 28 days there was a high bond 
strength gain (up to 60%) between the HVFA concrete and steel as compared to the 
conventional concrete. 
In 1998, Swamy and Hung developed a high performance, HVFA concrete 
incorporating a small amount of silica fume (SF) and partial replacement of both Portland 
cement and fine aggregate with fly ash. They studied the engineering properties such as 
strength, modulus of elasticity, and drying shrinkage of this HVFA concrete. The 
mixtures were designed to give 4,000 to 6,000 psi cube strengths at 28 days. In each 
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mixture, a 60% replacement of Portland cement with fly ash was considered. Some 
mixtures contained a 6% replacement of cementitious materials with silica fume and 
some others a 25% replacement of fine aggregate with fly ash. The authors concluded 
that the total binder content had little effect on the strength and drying shrinkage, but had 
a significant effect on the modulus of elasticity, implying a clear densification of the 
microstructure by the fly ash and silica fume. They also found that 7 days of curing were 
not enough to reach the full strength potential of the HVF A concrete. In terms of 
significant findings, the authors reported that a HVF A concrete with replacement of 
Portland cement and fine aggregate with both silica fume and fly ash showed the best 
overall performance based on the tests carried out in this study. They recommend HVFA 
concrete for use in structural and mass concrete applications because the engineering 
properties found in this study showed good potential and were comparable to those of a 
conventional Portland-cement concrete. 
In 1999, Cabrera and A tis developed a new method for the determination of the 
optimum water-to-cementitious materials ratio for maximum compaction of no slump 
concrete made with high volumes of fly ash. This research explored the effect of the fly 
ash fineness and, in particular, the carbon content on the compressive strength of the 
mixtures made with 50% and 70% replacement or Portland cement with fly ash. The 
authors concluded that the compactability of no slump HFV A concrete can be effectively 
controlled using the vibrating slump test. Based on this test, the optimum water-to-
cementitious materials ratio for maximum compaction can be determined. They also 
concluded that the compressive strength of HVFA concrete with or without the 
superplasticizer places these mixtures in the class of high-strength concrete (HSC). 
Finally, they reported that the fatigue resistance of the HVFA concrete presented better 
performance results than those of the conventional mix. 
In 1999, Jiang et al. tested different pastes made with different fly ash contents, 
water-to-cementitious materials ratios, and admixtures, such as high-range water reducers 
(HRWR), for a period up to 90 days. They studied the hydration progress, the hydration 
product, and the microstructure of the pastes employing strength development tests, 
thermal analysis, silicate polymerization analysis, pore structure analysis, x-ray 
diffraction analysis, and scanning electron microscopy. The authors concluded that the 
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HRWR affects the progress of hydration, and activator admixtures accelerate the 
hydration of HVFA concrete binders. They also observed that the total porosity increases 
with the increment of the fly ash content, and decreases with time. Other significant 
findings reported by the authors were that the presence of fly ash can improve the pore 
size distribution and that the fly ash in HVFA systems cannot be fully hydrated. They 
recommended that the fly ash content in HVFA concrete should be lower than 70%. 
In 2004, Li performed a laboratory study on the properties of high-volume fly ash, 
high-strength concrete incorporating nano-Si02 (SHFAC). The author compared the 
results with those of regular Portland-cement concrete and high-volume fly ash, high-
strength concrete (HFAC). Assessment of these concrete mixes was based on short- and 
long-term performance. The author evaluated the compressive strength and pore size 
distribution, reporting strength increments of about 81% at early ages (3 days) in the 
SHFAC compared to the HFAC. Some improvements in the pore size distribution of 
SHFAC were also reported. One of the most significant findings was that the addition of 
fly ash leads to higher porosity at short curing time, while nano-Si02 acting as an 
accelerating additive leads to more compact structures, even at short curing times. 
In 2005, Cross et al. investigated a concrete mixture in which the Portland cement 
was replaced completely by Class C fly ash for the binder. The authors investigated the 
engineering properties required for structural design and the behavior and performance of 
beams and columns made of a 100% fly ash admixture. The engineering properties 
investigated included the modulus of elasticity, the splitting tensile strength, the tensile 
flexural strength, the shrinkage properties, and the reinforcing bar bond behavior. The 
authors evaluated the effectiveness of the empirical equations available to estimate some 
of these properties for conventional Portland-cement concrete concluding that with a few 
exceptions, the equations available were found to apply to fly ash concrete. The tensile 
strength was found to be 15% to 30% lower than would be expected based on the 
compressive strength. With respect to anchorage and development length, the results 
were inconclusive because at an embedment length of 12 in., bars embedded in fly ash 
concrete behaved as expected based on equations for conventional concrete, but in 
shorter lengths, the results were significantly different. Cross et al. also conducted tests 
on simple beam and column elements to observe the performance of the fly ash concrete. 
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Three beams singly reinforced in accordance with the ACI code were tested to failure 
using a four-point load test setup. The beams were simply supported with a cross section 
of 6 in. x 10 in. Shear reinforcement was provided at 4 in. spacing. All beams were 
designed to fail in flexure and they performed satisfactorily. There was no evidence of 
any anchorage problems with the flexural or shear reinforcement during the tests. The 
beam behavior observed during the tests matched the predicted behavior using the same 
theoretical approach as that for a conventional concrete RC beam. All of the beams 
presented adequate shear resistance. In the column elements, the specimens matched the 
same behavior expected of a conventional concrete column. The columns measured 6 in. 
in diameter with a length of 18 in. They were tested in uniaxial compression to failure. As 
a final conclusion, the authors reported that existing flexural design procedures can be 
employed on fly ash concrete elements with the exception of the embedment length 
calculations. 
In 2007, Bouzoubaa et al. investigated HVFA concrete using fly ash with ordinary 
Portland cement and Portland-pozzola cement. A total of 7 mixtures with three different 
target compressive strengths (3,000, 6,000, and 9,000 psi) were used. For the ordinary 
Portland cement, four mixes including a control mix were used incorporating 30%, 40%, 
and 50% replacement of Portland cement with fly ash. For the Portland-pozzola cement, 
three mixes including a control mix were used incorporating 40% and 50% replacement 
of this cement with fly ash. For each concrete mixture, the authors measured the 
compressive strength at 1, 3, 7, 28, 56, and 91 days, the splitting-tensile strength, flexural 
strength, and resistance to chloride-ion penetration at 28 and 91 days. They concluded 
that for similar target compressive strength, slump range, and cementitious materials 
content, the water required decreased with the increment of fly ash content. They 
reported that it was possible to design concrete incorporating up to 50% replacement with 
fly ash that meets the strength requirements of the target compressive strengths. In terms 
of significant findings, the HVF A concrete considered in this study was found to develop 
acceptable early-age strength, higher later-age strength, and lower chloride-ion 
penetrability when compared to the conventional concrete made with ordinary Portland 
cement. 
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In 2008, Koyama et al. investigated the ultimate mechanical behavior and 
deformability of RC beams containing large quantities of fly ash. Eleven test beams were 
fabricated and tested under monotonic bending and shear. The experimental variables 
included the shear span-to-depth ratio, the amount of transverse reinforcement, and the 
amount of fly ash. The shear span-to-depth ratios studied in this program included values 
of 1.0, 1.5, and 2.0 that represent specimens with a deep beam behavior. In this study, the 
amount of Portland cement was held constant as well as the water-to-cementitious 
materials ratio, and the fly ash was used as a replacement of the fine aggregate. The cross 
section of the beams measured 9.8 in. x 15.7 in. The authors tested three beams under 
pure bending while the other eight beams were subjected to monotonic shear. Five of the 
shear specimens were constructed without shear reinforcement. All of the beams were 
simply supported using a three-point load test setup. The authors concluded that the 
specimens constructed using a 50% replacement of the fine aggregate with fly ash 
presented a higher shear strength and a steeper crack angle. They also concluded that it is 
possible to change the failure mode of the beams from a shear failure to a flexural failure 
by incorporating large quantities of fly ash in the mix. 
In 2009, Namagga and Atadero studied the benefits of using high lime fly ash in 
concrete as a replacement for large proportions of cement. They focused on testing the 
compressive strength, durability, and bond strength properties of concrete. They varied 
the amounts of fly ash as partial replacements of the Portland cement and fine aggregate. 
The authors compared the results with conventional concrete to indicate whether the use 
of fly ash can improve strength so that fly ash can be accepted as a cost effective solution. 
Their findings included that the replacement of high lime fly ash in concrete generally 
increases the ultimate strength. They also reported that a 25% to 35% fly ash replacement 
provides the most optimal strength results, because beyond 35% fly ash replacement, the 
rate of gain of compressive strength decreases but still maintains a strength value above 
the desired strength. 
In 2010, Bentz conducted isothermal calorimetry studies to examine excessive 
retardation in HVFA mixtures based on both Class C and Class F fly ashes. In order to 
quantify the retardation, the author used the calorimetric curves to evaluate the 
performance of mitigation strategies based on various powder additions. He examined 
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powder additions including aluminum trihydroxide, calcium hydroxide, cement kiln dust, 
condensed silica fume, limestone, and rapid-set cement. He reported that using an 
addition of either 5% calcium hydroxide or 10% rapid-set cement by mass of total 
cementitious materials provides a significant reduction in the retardation measured in 
mixtures based on either class of fly ash for the material combinations examined in his 
study. Bentz concluded that these two powder additions provide viable solutions to 
mitigate excessive retardation, extending the use of HVFA mixtures in practice. 
In 2011, Mohan Rao et al. conducted a study on the shear resistance of RC beams 
without web reinforcement using a high volume fly ash concrete mix with a 50% 
replacement by mass of the Portland cement. The authors used a water-to-cementitious 
material ratio of 0.32. The shear specimens presented a constant shear span-to-depth ratio 
of 2.50. The beams were simply supported with a cross section of 3.9 in. x 7.9 in. 
Various longitudinal reinforcement ratios were considered such as 0.58%, 1.0%, 2.0%, 
and 2.95%. Mechanical properties including compressive strength and split tensile 
strength were also studied. All the beams were loaded symmetrically under a four point 
load test setup. The authors compared the results of the HVFA specimens with others 
obtained from a conventional mix. Comparison with codes of practice and other 
empirical models was also carried out. As remarkable finding, the authors reported that 
the experimental results were very close to the theoretical values obtained using the CEB-
FIP model code. 
The ACI 232.2R (2003) document on fly ash mentions the wide range of 
applications of fly ash materials in the concrete industry. Fly ash can be used in ready-
mixed concrete, concrete pavements, mass concrete, roller-compacted concrete (RCC), 
self-consolidated concrete (SCC), high-volume fly ash concrete (HVFAC), high-
performance concrete (HSC), concrete masonry units, concrete pipes, precast/prestressed 
products, no-slump extruded hollow-core slabs, grouts and mortars, controlled low-
strength materials, soil cements, sulfur concrete, cellular concrete, shotcrete, blended 
cements, oil-well cementing, and finally as a filler. 
Table 2.3 summarizes all the variables addressed in previous research such as the 
percentage replacements of Portland cement with fly ash, the properties investigated, and 
the presence of full-scale testing. 
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Table 2.3- Summary of studies in HVFA concrete 
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2.5. CONCLUDING REMARKS 
The literature review reported that incorporating fly ash in concrete reduces the 
compressive strength at early ages but there is a valuable increase in the compressive 
strength at later ages. It was found that the early age strength is reduced further if the 
percentage of replacement is increased. However, on the other hand, when the percentage 
of replacement is increased, the water-to-cementitious materials ratio can be reduced, 
therefore increasing the later age compressive strength. Properly cured HVFA concrete 
products are very homogenous in microstructure and highly durable. Several studies 
showed that HVFA concrete presents lower heat of hydration and higher resistance to 
chloride-ion penetration. Several researchers recommended that the fl y ash content in 
HVFA concrete should be lower than 70%. In conclusion, HVFA concrete could offer a 
solution to the problem of meeting the increasing demands for concrete in the future in a 
sustainable manner and at reduced or no additional cost, and at the same time reducing 
26 
the environmental impact of two industries that are essential to economic development, 
the Portland cement industry and the coal-fired power industry. The use of high volumes 
of fly ash in concrete generates a direct link between durability and resource productivity, 
thus increasing the use of HVF A concrete will help to improve the sustainability of the 
concrete industry. 
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3. LITERATURE REVIEW ON SHEAR 
3.1. GENERAL 
The main subject of this document is the shear behavior of reinforced concrete 
(RC) beams composed of high-volume fly ash (HVFA) concrete. The current shear 
design methods and guidelines are presented in this chapter. Four different approaches 
are presented: truss model, Strut and Tie Model (STM), Modified Compression Field 
Theory (MCFf), and fracture mechanics approach. A collection of three design code 
philosophies that can be found in North America will also be used in the evaluation of the 
shear strength. Some of these guidelines rely on empirical formulas, such as the ACI 318-
08, while others, such as the AASHTO LRFD and CSA A23.3-04, rely more on concrete 
models such as the MCFT. 
3.2. FACTORS AFFECTING SHEAR BEHAVIOR 
Shear strength is controlled by the presence of web reinforcement, longitudinal 
reinforcement, coarse aggregate size, presence of axial loads, depth of the member, 
tensile strength of the concrete, and shear span to depth ratio (a/ d). Some of these 
parameters are included in design equations and others are not. 
Web reinforcement, typically called stirrups, is used to increase the shear strength 
of concrete beams and to ensure flexural failure. This is necessary due to the explosive 
and sudden nature of shear failures, compared with flexural failures which tend to be 
more ductile. Web reinforcement is normally provided as vertical stirrups and is spaced at 
varying intervals along a beam depending on the shear requirements. Alternatively, this 
reinforcement may be provided as inclined longitudinal bars. In general, small sized bars 
such as #3 and #4 are used in aU-shaped configuration that may be open or closed, or 
used as multiple legs. 
Shear reinforcement has very little effect prior to the formation of diagonal 
cracks. However after cracking, the web reinforcement enhances the beam in the 
following ways (Nilson et al., 2004): 
• The stirrups crossing the crack help in resisting the shear force. 
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• The stirrups restrict the growth of the cracks and reduce their penetration further 
into the compression zone. 
• The stirrups oppose widening of the cracks, which helps to maintain aggregate 
interlock within the concrete. 
• The presence of stirrups provides extra restraint against the splitting of concrete 
along the longitudinal bars due to their confinement effect. 
The longitudinal reinforcement ratio (PL) affects the extent and the width of the 
flexural cracks. If this ratio is small, the flexural cracks extend higher into the beam and 
open wider. When the crack width increases, the components of shear decrease, because 
they are transferred either by dowel action or by shear stresses on the crack surfaces. 
The coarse aggregate type and size noticeably affect the shear capacity, especially 
for beams without stirrups. Lightweight aggregate has a lower tensile strength than 
normal aggregate. The shear capacity of a concrete beam with no stirrups is directly 
related to the tensile strength, therefore, the failure due to mortar cracking, which is more 
desirable, could be preceded by aggregate failure instead. The aggregate size also affects 
the amount of shear stresses transferred across the cracks. Large diameter aggregate 
increases the roughness of the crack surfaces, allowing higher shear stresses to be 
transferred (Wight and MacGregor, 2009). 
Researchers have concluded that axial compression serves to increase the shear 
capacity of a beam while axial tension greatly decreases the strength. As the axial 
compressive force is increased, the onset of flexural cracking is delayed, and the flexural 
cracks do not penetrate as far as into the beam (Wight and MacGregor, 2009). 
The size of the beam affects the shear capacity at failure. If the overall depth of a 
beam is increased, it could result in a smaller shear force at failure. The reasoning is that 
when the nverall depth of a beam increases, so do the crack width and crack spacing, 
causing loss of aggregate interlock. This condition is known as a size effect. 
The tensile strength of the concrete (fct) also affects the shear strength. Because 
of the low tensile strength of the concrete, diagonal cracking develops along planes 
perpendicular to the planes of principal tensile stress. The shear strength of an RC beam 
increases as the concrete material strength increases. The tensile strength of the concrete 
is known to have a great influence on the shear strength, but the concrete compressive 
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strength (f' c) is used instead in most shear strength formulas. This approach is used 
because tensile tests are more difficult to conduct and usually show greater scatter than 
compression tests. 
The shear span to depth ratio ca I d) does not considerably affect the diagonal 
cracking for values larger than 2.5. The shear capacity increases as the shear span to 
depth ratio decreases. This phenomenon is quite significant in deep beams ca I d ::; 2. 5) 
because a portion of shear is transmitted directly to the support by an inclined strut or 
arch action. For deep beams, the initial diagonal cracking develops suddenly along almost 
the entire length of the test region (Wight and MacGregor, 2009). 
3.3. BASIC SHEAR TRANSFER MECHANISMS 
The 1973 ASCE-ACI Committee 426 Report concluded that shear is transferred 
by the following four mechanisms: shear stress in the uncracked concrete, interface shear 
transfer, dowel action, and arch action. In a RC beam, after the development of flexural 
cracks, a certain amount of shear is carried by the concrete in the compression zone. The 
shear force carried by the uncracked concrete in the compression zone can be represented 
by the compressive strength of concrete and the longitudinal reinforcement ratio. Shear 
may continue to be transferred across a crack in the concrete by interface shear transfer, 
also known as aggregate interlock. Since the flexural crack width is approximately 
proportional to the strain of the tension reinforcement, the crack width at failure becomes 
smaller as the longitudinal reinforcement ratio is increased. It is also expected that the 
interlocking force will be increased when the compressive strength of the concrete is 
high. If longitudinal reinforcing bars cross a crack, dowel forces in the bars will resist 
shear displacement. The dowel force induces tension in the surrounding concrete that 
may produce splitting cracks along the longitudinal reinforcement. Although there is 
some contribution in dowel action by the number and arrangement of longitudinal bars, 
spacing of flexural cracks, and the concrete cover, the main factors influencing this 
mechanism are the flexural rigidity of the longitudinal bars and the strength of the 
surrounding concrete. Arch action occurs where shear flow cannot be transmitted. Arch 
action is dominant in deep beams. For this mechanism to be developed, a tie is required 
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to restrain the thrust developed as a result of the arch. For deep beams, failure is often 
due to anchorage failure of the bars restraining this thrust. 
Shear can be carried through beam action, arch action or any combination of the 
two. When shear is carried through beam action, the tensile force in the reinforcement 
varies through bond stresses and plane sections remain plane. These are the normal 
assumptions of elastic beam theory. 
The 1998 ASCE-ACI Committee 445 Report highlights a new mechanism, 
residual tensile stresses, which are transmitted directly across cracks. The basic 
explanation of residual tensile stresses is that when concrete first cracks, small pieces of 
concrete bridge the crack and continue to transmit tensile force as long as cracks do not 
exceed 0.00197-0.0059 in. in width. The application of fracture mechanics to shear 
design is based on the premise that residual tensile stress is the primary mechanism of 
shear transfer. 
3.4. SHEAR DESIGN PRINCIPLES 
3.4.1. Truss model. The truss method of analysis has for some time been 
accepted as an appropriate method for the design of structural concrete members 
comprising both reinforced and prestressed concrete elements, and now forms the basis 
of many design standard recommendations. The truss model was presented by the Swiss 
engineer Ritter (1899) to explain the flow of forces in cracked reinforced concrete. The 
principle of the truss model is based on the following assumptions: (1) the longitudinal 
tension reinforcement acts as a tension chord of the truss while the flexural compressive 
zone of the beam acts as the compression chord, and (2) the diagonal compressive 
stresses (green lines in Figure 3.1) act as diagonal members, and the stirrups (blue lines in 
Figure 3.1) are considered as vertical tension members. 
Morsch (1902), a German engineer, pointed out that the compression diagonals do 
not need to extend from the top of one stirrup to the bottom of the next stirrup, and that 
the stirrups represent a continuous field of stresses rather than discrete diagonal 
compressive struts. Morsch and Ritter neglected the tensile stress in cracked concrete 
assuming that only after cracking the diagonal compression stresses would remain at 45 
degrees. Morsch also proposed truss models to explain the behavior of beams detailed 
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with bent-up longitudinal reinforcing bars. He also used the principal stress trajectories as 
an indication of how tensile reinforcement should be proportioned and detailed in a 










Figure 3.1 -Ritter's truss analogy for shear 




Figure 3.2- Truss model for beams postulated by Morsch 
The truss model is derived using the equi librium condition between the external 
and internal forces as presented in Figure 3.3. The shear stresses are assumed to be 
uniformly distributed over an effective shear area bw wide and d deep. Between the 
external shear force V, and the total diagonal compressive force, Equation 3- 1 can be 
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written, from which the principal compressive stress (/2) can be determined assuming a 
crack angle of 45 degrees. 
The longitudinal component of the diagonal compressive force is considered 
equal to the external shear force. The tensile stress in stirrups is determined considering 
Equation 3-2. Allowing only the use of the 45 degrees crack angle the method is robust 
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The variable-angle truss model is derived from the Morsch truss model. This 
model adds a concrete contribution to shear strength to compensate for the conservative 
nature of the model based on a variable angle of the crack (8). The principle is very 
similar to the one presented in Figure 3.3. In this model, the required magnitude of the 
principal compressive stress (/2 ) is determined from the equality between the resultant of 
the diagonal stresses and the projection of the shear force, as stated in Equation 3-3. The 
tensile force in the longitudinal reinforcement (Nh) due to shear will be equal to the 
horizontal projection of the shear force, as stated in Equation 3-4. The tensile stress in the 
stirrups is multiplied by the factor tan 8, as stated in Equation 3-5. 
v fz = -(tan8 +cos e) 
bwd 
Nh = v cos e 
A r V 





Since there are only three equations of equilibrium (Equations 3-3, 3-4, and 3-5), 
and there are four unknowns (/2 , Nh, fv, and 8), the stresses in a beam caused by a given 
shear force cannot be explicitly determined. For design considerations, the shear force 
can be predicted assuming the crack angle at 45 degrees and the tensile stress in the 
stirrups as the tensile strength of steel ([y ). Another approach could be assuming the 
compressive stress in the concrete to determine the crack angle (Equation 3-3) and the 
shear force (Equation 3-5). Other approaches to solving the variable angle truss model 
have been developed based on subsequent test data. For instance, it has been suggested 
that the effective compressive strength should be taken as 0.6 f' c• and that the factor tan 8 
should be less than 0.5 (Collins and Mitchell, 1991). 
Proportioning and detailing of the transverse reinforcement in members with a 
complex flow of internal stresses was a main aspect of structural concrete research in 
central Europe during the 1960s and 1970s. Leonhardt, from the University of Stuttgart in 
Germany, and Thiirlimann and MUeller, from the Swiss Federal Institute of Technology 
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in ZUrich, were instrumental in the development of analysis and design methods for 
structural concrete regions with complex internal stress flows. Leonhardt focused mainly 
on the analysis and design of deep beams and anchorage end regions in post-tensioned 
beams. In most of his work, the detailing of the reinforcing steel closely followed the 
principal tensile stress trajectories found from an elastic analysis of a homogeneous 
isotropic element. Thtirlimann focused mainly on the application of the theory of 
plasticity in reinforced and prestressed concrete, with practical applications to the design 
for shear and torsion. 
In the mid-1970s, Park and Paulay, from the University of Canterbury, extended 
many of the analytical and design concepts developed by Leonhardt to include, for the 
first time, the detailing of regions having a complex flow of stresses and subjected to 
cyclic load reversals caused by earthquake excitation (Park and Paulay, 1975). One of 
these regions is the joint between the beam and column in a moment resisting frame. In 
the analysis and design of beam-column joints, Park and Paulay deviated from 
Leonhardt's method by proposing a simple mechanism of shear transfer that did not 
follow the principal tensile stress trajectories shown by an elastic analysis. This model 
requires vertical and horizontal reinforcement to sustain the diagonal compressive field 
introduced into the joint as a result of bond forces from the outermost longitudinal 
column and beam bars. 
The truss model is also the starting point of the shear friction model, also known 
as Loov's theory (1998), in which the shear forces are carried by stirrups and shear 
friction across the concrete crack. The method comprises the calculation of the shear 
capacity from all possible crack angles by identifying the weakest plane of failure. The 
force that holds the two surfaces together is equal to the yield stress multiplied by the 
cross-sectional area of any steel crossing the crack for bars perpendicular to the failure 
plane. In addition to the friction of the failure plane surface, the model accounts for 
shearing of the reinforcement and the dowel action that they generate. The main 
drawback to the use of the shear friction models for beam shear is that the critical failure 
plane is typically unknown, so an interactive approach must be conducted to find the 
weakest or most critical failure plane. 
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3.4.2. Strut and tie model. The Strut and Tie Model (STM) was developed in 
the late 1980s. It was formalized and popularized by Schlaich et al. in a comprehensive 
paper published in 1987. Reinforced concrete theory hinges on various assumptions of 
simple beam theory such as plane sections remaining plane. However, regions near a 
discontinuity do not satisfy this assumption and are called D-regions, which stands for 
di sturbed regions that do not follow simple beam theory. These regions extend 
approximately a distance h away from the discontinuity which may include concentrated 
loads, openings, or changes in the cross section. Entire beams consisting of a 0 -region 
are called deep beams. Regions in between these areas are subjected to typical beam 
behavior and are called B-regions. Figure 3.4 shows the distribution of D- and B-regions, 
where 0 stands for discontinuity or disturbed, and B stands for beam or Bernoulli . The 
STM was developed based on the truss model to account for these 0-regions. They 












Figure 3.4- B-regions and D-regions (Schlaich et al. , 1987) 
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Struts are internal concrete compression members which may be rectangular or 
bottle-shaped. Bottle-shaped struts swell throughout their depth, and are wider at the 
center than at the ends. The STM shown in Figure 3.5 features a rectangular strut, but the 
bottle-shaped strut is depicted with dashed lines. Ties are tension members within the 
model and consist of steel reinforcement, plus the portion of concrete surrounding the 
steeL However, the model assumes that the steel carries all of the tension force. Nodal 
zones are regions where struts, ties, and concentrated loads meet. Nodes are classified by 
the types of forces passing into them, which create four types: (a) C-C-C, (b) C-C-T, (c) 
C-T-T, and (d) T-T-T, where C represents compression and T represents tension. Figure 
3.6 presents each node type. 
The following procedure is used to develop a STM: 
• Defining of the D-region; borders and forces within these boundaries. 
• Drawing a STM based on the assumed node geometry. 
• Solving for the truss member forces. 
• Calculating the reinforcement layout providing the required tied capacity 
and enough anchorage length for the bars to ensure the correct behavior at 
the nodes. 
• Dimensioning nodes using truss member forces obtained previously. 
• Repeating analysis for the new geometry in order to find a converged 
solution. 
' The STM method is not always trouble-free and has many uncertainties. There are 
four major problems in developing STM, and these are: 
• Uncertainties in obtaining dimensions, stiffness, and effective strength of 
strut, ties, and nodes for the truss models. 
• Need to select the optimal STM and iteratively adjust and refine the truss 
geometry. 
• Need to combine different load cases. 
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Figure 3.5 - Strut and tie model (Nilson et al. , 2004) 
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Figure 3.6- Nodal zones (Nilson et al., 2004) 
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The creation of the strut and tie model offers no unique solution, and more than 
one admissible model may be valid for a given problem. The STM must be statically 
admissible, thus, in equilibrium with the external loads, reactions and nodes. Design takes 
place by selecting the amount of steel for the tension ties, effective width of the strut, and 
shape of the nodal zone such that the strength is adequate. 
Previous researchers (Kani , 1967) have found that beams with shear span-to-
depth ratios greater than 2.5 are governed by conditions away from the disturbed regions 
adjacent to the upport and the loads. In this range, the strength of the beam is not 
influenced by details such as the size of the bearing plates, and the strength decreases by 
only a small amount as the shear span increase . Collins and Mitchell ( 1997) presented an 
example of the use of the strut and tie model illustrated in Figure 3.7, which shows how 
the shear strength of a simply supported reinforced concrete beam loaded with two point 
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loads changes as the shear span changes. This study shows that a beam can resist a higher 
shear force if the shear is produced by a load that is closer to the support. This series of 
beams was tested by Kani ( 1967), and based on the observation of the results, it was 
concluded that the shear strength was reduced by a factor of about 6 as the shear span-to-
depth ratio decreased from 1 to 7 (Collins and Mitchell, 1997). This result can be 
explained by the fact that deep beams carry the load by strut-and-tie action, and as the 
applied load moves closer to the support, the angle of the compression strut increases, 
reducing the force (stress) in the strut, and thus increasing the capacity of a given cross 
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Figure 3.7- Predicted and observed strengths of a series of RC beams tested by Kani 
(Collins and Mitchell, 1997) 
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The STM approach is rapidly gaining popularity for the analysis and design of 
deep beams, and has been adopted in several North American codes, such as the 
American Concrete Institute (ACI) Building Code Requirements for Structural Concrete 
(ACI 318-08) and the Canadian Standard Association (CSA) Design of Concrete 
Structures (CSA A23.3-04). Appendix A of ACI 318-08 provides guidance for sizing 
struts, nodes, and ties. The code addresses the performance of highly stressed 
compression zones that may be adjacent to or crossed by cracks in a member, the effect 
of stresses in nodal zones, and the requirements for bond and anchorage of ties. However, 
ACI 318-08 provides no clear guidance to indicate when a strut should be considered as 
rectangular or bottle-shaped. 
Furthermore, as shown m Figure 3.8, structural elements may consist of B-
regions, D-regions, or a combination of both depending on several factors. ACI 318-08 
states that if there is a B-region located between D-regions in a shear span, as shown in 
Figure 3.8(b), the strength of the shear span is governed by the strength of the B-region if 
the B- and D-regions have similar geometry and reinforcement. This is because the shear 
strength of a B-region is less than the shear strength of a comparable D-region. Shear 
spans containing B-regions are designed for shear using traditional truss model 
approaches. 
Figure 3.9 presents the layout and dimensions of the beam specimens tested in the 
current study. Based on the previous discussion, the presence of B-regions within the 
shear span precludes the application of a STM approach in determining the capacity of 
this section. Instead, these beams are governed by the traditional truss model approach. 
3.4.3. Modified compression field theory. The Modified Compression Field 
Theory (MCFT) was developed by Vecchio and Collins in 1986, and is a further 
development of the Compression Field Theory (CFT) derived by Collins and Mitchell in 
1980. In the CFT it is assumed that the principal tensile stress ([1) is zero after the 
concrete has cracked while in the MCFT the effect of the residual stress in the concrete 
between the cracks is taken into account. Tensile stresses across the diagonal struts 
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The MCFT model consists of strain compatibility and equilibrium equations 
which can be used to predict the complete shear deformation response. All the 
compatibility equations are expressed in terms of average strains measured over base 
lengths long enough to include several cracks. The compatibility equations for both the 
CFf and the MCFf are given in Equations 3-6, 3-7, and 3-8, which are obtained from the 
Mohr's circle shown in Figure 3.1 1. 
X 




where Yxy is the shear strain, E:x is the strain in the x-direction, E:y is the strain in the y-
direct ion, t:1 is the principal tensile strain in concrete (positive value), and t:2 is the 
principal compressive strain in concrete (negative value). 
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2 
Figure 3.1 J - Mohr's circle for average strains 
The concrete element shown in Figure 3. 12 wi ll resist concrete shear forces 
(Vcxy), horizontal concrete stresses (fcx), and vertical concrete stresses (fey) . All three 
forces combine to form the principal tensile stre ([1 ), and the principal compressive 
stress ([2). Converting these stresses into a Mohr's circle of stress, as shown in Figure 
3.1 3, the equilibrium Equations 3-9 and 3- 10 can be deri ved. 
Figure 3. 12 - Average concrete stress in a cracked element (Vecchio and Collins, 1986) 
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Figure 3.13 - Mohr stress circle for average concrete stresses 
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The Mohr' s circle can also be used to derive an equation for relating the principal 
compressive stress ([2) and tensile stresses as shown in Equation 3- 11. 
h = (tan()+ cot e)v- !1 (3-11 ) 
where, v = -b v. and jd is the distance between the resultants of the internal compressive 
w )d 
and tensile forces on a cross section. 
The equi librium conditions for a symmetrical cross section subjected to pure 
shear are hown in Figure 3.14. These conditions can be expressed as shown in Equation 
3- 12. 
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Figure 3.14- Cross section, principal stresses, and tension in web reinforcement (Collins 
and Mitchell , 199 1) 
(3- 12) 
where A 11 is the steel vertical reinforcement area and fv is the stress in the stirrups. 
Subst ituting Equation 3- ll into 3-12 generates the expression in Equation 3-13. 
(3- 13) 
Coll ins and MitcheJI ( 199 1) noted that Equation 3- 13 expresses shear resistance in 
term of the sum of the concrete and steel contribut ions, as the traditional or classical 
method. The concrete contribution depends on the average tensile stresses in the concrete, 
and the steel contribution depends on the tensile stresses in the stirrups. It must be 
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clarified that although the MCFr and the truss model approaches might seem to be 
similar, the concrete contribution from the concrete suggested by the MCFT is not 
constant as assumed in the classical truss model. The shear contribution of the concrete 
CVc) in the MCFf is not equal to the shear strength of a similar member without shear 
reinforcement. According to the MCFf, the contribution of the concrete is a function 
primarily of the crack width. Increasing the number of stirrups reduces the crack spacing, 
this decreases the crack width and thus increases the concrete contribution (Cladera, 
2002). 
One of the most important features of the MCFf is the average strain-stress 
relationships derived from the tests of reinforced panels subjected to pure shear (Vecchio 
and Collins, 1986). The concrete compressive strength is reduced to take into account 
softening due to transverse tensile strain (E1 ). Initially, a parabolic relationship for 
cracked concrete in compression subjected to high tensile strains in the direction normal 
to the compression was suggested, as shown in Equation 3-14. 
- z-2._2. [ 2] fz - fz,max C,J C,J (3-14) 
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This relationship for the concrete softening (/3) was derived for the MCFf in 
which the crack slip is not taken into account. According to Vecchio and Collins (1993), 
concrete strength can also have an influence in concrete softening. Moreover, size effects 
can also have an effect. For concrete in tension, the curve proposed in Vecchio and 




where Ecr is the crack strain, Ec is the modulus of elasticity of the concrete, and f cr is the 
stress in the concrete at cracking. 
Equation 3-16 was updated by Vecchio and Collins (1993) to include two new 
parameters (a1 and a2 ) to account for the bond characteristics of the reinforcement and 
the type of loading. The updated equation is presented in Equation 3-17. 
(3-17) 
where, fer = 0.33fi'c 
The stress and strain formulations adopted in the MCFT use average values, so 
local variations are not considered. In this methodology, a check must be done to ensure 
that the reinforcement can take the increment in tensile stress at the crack. In order to 
make this check, a value of the stress along the crack must be assumed. The shear transfer 
at the cracks by aggregate interlock action is estimated using the relationship in Equation 
3-18. This equation was developed based on Walraven's (1980) experiments. 
The MCFT can provide accurate predictions of shear strength and deformation. 
The first and most important assumption made in the MCFT is that of a rotating crack 
model in which previous cracks are assumed to be inactive. The MCFT assumes that the 
angles of the axes for the principal strains and principal stresses coincide (8). The crack 
in which all the checks are performed is assumed to be oriented at the same angle, 8, as 
the compressive stress field. 




where, v ci max = z4w 
' 0.31+a+i6 
In the expression above, a is the maximum aggregate size in millimeters, and w is 
the average crack width over the crack surface which is estimated as the product of the 
principal tensile strain (E1) and the crack spacing (s8 ). The spacing of shear cracks is 
considered to be dependent on the crack spacing in the longitudinal and transverse 
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reinforcement directions. The crack spacing can be calculated by using Equation 3-19. In 
this equation Smx is the average spacing of cracks perpendicular to the longitudinal 
reinforcement, and Smv is the average spacing of cracks perpendicular to the transverse 
reinforcement. Finally, Smx and Smv are estimated using the formulas given by Equations 
3-20 and 3-21. 
1 
Se = sin8+cos8 
smx smv 
Smx = 2 (ex + Sx) + 0.25k1 dbx 
10 Px 





where Cx and Cy are the concrete covers for the longitudinal and transverse reinforcement 
respectively; Sx and s are the spacing of the longitudinal and transverse reinforcement 
respectively; dbx and dbv are the bar diameters of the longitudinal and transverse 
reinforcement respectively; Px and Pv are the ratios for the longitudinal and transverse 
reinforcement respectively; and k1 equals to 0.4 for deformed bars and 0.8 for plain bars. 
The MCFT has been criticized from a practical perspective since it requires the 
use of a computer in order to solve the system of equations. This problem was addressed 
by Bentz and Collins by providing two free software packages, called RESPONSE 2000 
and MEMBRANE 2000, to solve these equations. 
Bentz et al. (2006) developed simplified versions of the MCFT which can be used 
m order to predict the maximum shear capacity rather than the complete load-
deformation response. Equations 3-22 and 3-23 present these expressions that are also 




where 0c and 0s are the capacity reduction factors, bw is the width of the web, d is the 
effective shear depth (dv = 0.9d), As is the area of longitudinal reinforcement on the 
flexural tension side. The parameter f3 represents the shear retention factor that can be 
defined as the ability of cracked concrete to transmit shear by means of aggregate 
interlock, while 8 is the angle of inclination of the strut. These two parameters are 
estimated in terms of the longitudinal strain at the mid-depth of the section using 
Equations 3-24 and 3-25. 
Mf 
-+Vt 
where, Ex = _d __ 
2EsAsl 
0.40 1300 
f3 = 1+1500Ex . lOOO+Sxe (3-24) 
8 = 29 + 7000Ex (3-25) 
The parameters V1 and M1 are the factored shear force and moment at the section. 
The effective crack spacing (sxe) is taken as 11.8 in. for members with at least minimum 
stirrups and for members without stirrups, Sxe = 355x ~ 0.85sx. The crack spacing 
lS+ag 
parameter (sx) is the longitudinal spacing between cracks, measured at mid-depth of the 
member. For members without horizontal reinforcement at the web, Sx is usually taken as 
dv. 
3.4.4. Fracture mechanics approach. Although fracture mechanics was 
developed by Griffith in 1920, for half a century, it was considered inappropriate for 
concrete. The reason that it took so long to apply this method to concrete is that the 
traditional fracture mechanics approach was developed for homogeneous materials, such 
as steel. However, the existence of a size effect observed in experimental results obtained 
during previous research (Bazant and Kim, 1984) prompted several researchers to apply 
fracture mechanics to shear failures. The use of fracture mechanics in design could 
increase the safety and reliability of concrete structures. Numerous analytical and 
numerical tools have been developed to simulate the fracture behavior of concrete 
structures, and in connection with these developments, researchers are focused on 
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designing experimental methods to measure the different parameters required for these 
models. The ACI 446.1R (1999) document highlights five compelling reasons to use a 
fracture mechanics approach. The first one is the energy required for crack formation. 
This reason states that the actual formation of cracks requires energy, called fracture 
energy, which represents the surface energy of a solid. The second one is the objectivity 
of the calculations. Any physical theory must be objective and the result of the 
calculations must not depend on subjective aspects such as choice of coordinates, mesh, 
etc. Objectivity should come ahead of experimental verification. The third reason is the 
lack of yield plateau. Based on load-deflection diagrams, there are two distinguishable 
basic types of structural failure, plastic and brittle. Plastic failures typically develop a 
single-degree-of-freedom mechanism such that the failure proceeds simultaneously in 
various parts of the structure. These failures are characterized by the presence of a long 
yield plateau on the load-deflection diagram. If this diagram does not have such a plateau, 
the failure is brittle or brittle-ductile. The fourth reason is capability to absorb energy, as 
related to ductility. The area under the complete load-deflection diagram represents the 
energy which the structure will absorb during failure, and this energy must be supplied by 
the loads. The current plastic limit analysis cannot give information on the post-peak 
decline of the load and energy dissipated in this process. The fifth and most compelling 
reason for using fracture mechanics is the size effect. ACI 446.1R (1999) defines the size 
effect through a comparison of geometrically similar structures of different sizes, 
characterized in terms of the nominal stress at maximum ultimate load. When this 
nominal stress does not change its value for geometrically similar structures of different 
sizes, it can be said that there is no size effect. 
The study of fracture mechanics of concrete started in 1961 with Kaplan. Later, in 
1972, Kesler et al. concluded that the classical linear elastic fracture mechanics (LEFM) 
approach with only one fracture parameter, either the fracture energy or the fracture 
toughness, was not applicable to concrete. Kesler et al. suggested at least two fracture 
parameters. 
The simplest model that describes the progressive fracture process is the cohesive 
crack model (Hillerborg et al., 1976). Hillerborg et al. proposed the cohesive crack model 
for simulation of plain concrete, in which concrete fracture energy characterized the 
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softening response of a cohesive crack that could develop anywhere in a concrete 
structure. The softening curve is the main feature of the cohesive crack model. This curve 
presents an initial portion with a steep descending slope, followed by a smooth drop 
when the stress reaches a value approximately equal to 1/3 of the nominal tensile strength 
(f' t), and a long tail asymptotic to the horizontal axis (crack opening, w) as shown in 
Figure 3.15. GeometricaJly, the area under the complete curve represents the fracture 
energy. The fracture energy is defined as the amount of energy necessary to create a 
crack of unit sulface area projected in a plane parallel to the crack direction. 
Hillerborg (1985) provided a theoretical basis for a concrete fracture energy 
testing procedure, often referred to as the work-of-fracture method (WFM), in which the 
fracture energy per unit area of concrete is computed as the area under the experimental 
load-deflection response curve for a notched concrete beam subjected to three-point 





Figure 3.15 -Softening function and initial tangent for cohesive crack model (Einsfeld 
and Velasco, 2006) 
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For example, when conducting three-point bending tests on notched beams, as the 
beam splits into two halves, the fracture energy (Gp) can be determined by dividing the 
total dissipated energy by the total surface area of the crack as shown in Equation 3-26. 
w Gp =---
b(d-a0) (3-26) 
where W is the total energy dissipated in the test, and b, d, and a0 are the thickness, 
height and notch depth of the beam, respectively. 
Several additional test methods have been proposed in recent years to determine concrete 
fracture properties from which fracture energy may be computed. 
In 1987, Bazant and Pfeiffer concluded that the cohesive crack model results in 
fracture characteristics that are ambiguous and size-dependent. As a consequence, 
different values for the fracture energy could be obtained for specimens of different sizes. 
Bazant and Pfeiffer proposed a method where the fracture energy is calculated based on 
the size effect law. In this approach, the fracture energy is independent of the size of the 
specimens. This asymptotic approach is known as the size effect method (SEM). Bazant 
and Pfeiffer suggested the following relationship shown in Equation 3-27. 
(3-27) 
where aN is the nominal stress at failure, B is the coefficient obtained through the linear 
regression plot of the results, f3 is the brittleness number, and k is a parameter to reflect 
the size effect. 
The brittleness number indicates whether the behavior of any structure is related 
to either the limit state analysis or to LEFM analysis. Bazant and Pfeiffer proposed 
Equation 3-28 for the brittleness number. 
(3-28) 
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where d is the characteristic dimension of the structure (for their study, the specimen 
height), and d0 is a coefficient determined experimentally. The coefficients B and d0 are 
determined by linear regression. In this approach, specimens of different sizes but 
geometrically similar can be rearranged in a linear regression plot as shown in Equation 
3-29. Equations 3-30 to 3-33 present the different relationships for the parameters 
contained in Equation 3-29. 
Rupture of a structure of infinite size follows the LEFM theory, since the plastic 
region around the concrete fracture zone is relatively small. In this case, the fracture 
energy can be calculated using Equation 3-34. 
y =Ax+ C 




B = ..2:_ 
vc 








where E is the modulus of elasticity of the concrete, A is the angular coefficient of the 
linear regression plot, g r ( a0 ) is the non-dimensional energy release rate calculated 
according to LEFM, and a 0 is the relative notch length defined in Equation 3-35. 
(3-35) 
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The fracture energy normally associated with WFM is different from the one 
calculated through SEM. They are usually differentiated as GF for values calculated with 
WFM, and G1 for values calculated using SEM. The values obtained with WFM are 
sensitive to the specimen size and shape. On the other hand, values obtained with SEM 
are independent of the structure size a well as geometry (Ein fe ld and Velasco, 2006). 
While G F corresponds to the area under the complete softening stress- eparation 
curve of the cohesive crack model, G1 corresponds to the area under the initial tangem of 
the stress-separation curve as shown in Figure 3 . 16. 
Bazant and Kim (1984) and Bazant and Sun (1987) developed a set of equations 
to describe the dependence of the diagonal shear strength on the size, shape, and 
longitudinal reinforcement ratio of beams failing in diagonal shear. The shear strength in 
this model is assumed to result from the combination of the arching action and the 
composite beam action. The summation of the two components resulted on an expression 






Figure 3. 16- Softening stress-separation curve of cohesive crack model (Bazant and 
Becq-Giraudon, 2002) 
Gustafsson and Hillerborg in 1988 investigated the diagonal shear strength of 
members without stirrups using the cohesive crack concept, with the objective to show 
that a size effect can be predicted theoretically. This model assumes that a single 
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polygonal cohesive crack with linear softening is formed, while the bulk of the concrete 
remains linear elastic. The behavior of the steel is assumed to be linear elastic. The 
failure criterion adopted is crushing of the concrete. Using this approach Gustafsson and 
Hillerborg analyzed the influence of the size, longitudinal reinforcement ratio, and the 
shear span-to-depth ratio. 
Jenq and Shah (1989) adopted a more physical approach applying a two-
parameter nonlinear fracture mechanics model to the shear failure. In this model, the 
ultimate shear capacity is assumed to be the summation of the contributions from the 
reinforcement and the concrete. The concrete contribution is derived using the fracture 
mechanics model. The steel contribution is estimated by considering the average ultimate 
bond stress, which is assumed to be proportional to the embedded length. 
In 1993, So and Karihaloo criticized Jenq and Shah's approach pointing out that 
their approach was oversimplified and ignored the influence of the reinforcement on the 
fracture behavior of the concrete. Large discrepancy between the predicted and measured 
capacity confirmed their criticism. Khariloo introduced a failure criterion for longitudinal 
splitting using VanderVeen's model (VanderVeen, 1990) to derive the maximum bond 
stress. Finally, Karihaloo concluded that the bond-slip relationship, the dowel action, and 
the aggregate interlock must be taken into account to accurately predict the shear capacity 
using Jenq and Shah's approach. The only weak point of Karihaloo's model is the 
significant use of empirical equations. 
In 2001, Gastebled and May proposed a fracture mechanics model for the 
flexural-shear failure of reinforced concrete beams without stirrups. This model was 
developed assuming that the ultimate shear load is reached when the splitting crack starts 
to propagate. The critical load is calculated considering the energy balance of the system 
during splitting crack propagation. The position of the critical diagonal crack is obtained 
using Kim and White's semi-empirical formula proposed in 1991. Gastebled and May 
used the empirical formula for the assessment of the fracture energy proposed by the 
CEB-FIP Model Code. 
The formulation of this model is based on the fundamental relation of LEFM 
presented in Equation 3-36, where G is the fracture energy consumption and Wext is the 
work of the external force. The external load is produced by the rotation under constant 
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load about the tip of the diagonal crack. Ln order to calculate the energy release, the 
rotational stiffness of the beam must be determined. This stiffness depends on the ax ial 
and dowel stiffness of the longitudinal reinforcement. The sti ffness is calculated based on 
the free body diagram (FBD) presented in Figure 3.17. 
1 oG = 28Wext (3-36) 
<J 4 4 
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Figure 3. 17 - Free body diagram and notation definition (Gastebled and May, 2001) 
The ax ial and shear force in the steel bar cross ing the diagonal crack were linked 
to the angle of rotation (8 ) using the elastic pro perties of the bar and the geometry of the 
deformation mechanism as shown in Equation 3-37. The beam bending theory for a 
circular cross section is also used to deri ve the dowel force as shown in Equation 3-38. 
F. _ EsAs () s- Y Os 
V G5 I 5 () 9 Es As {) d= - y = - · - y o5 26 o5 
(3-37) 
(3-38) 
where F5 is the longitudinal reinforcement force, 85 is the unbounded length of the 
reinforcement, y is the diagonal crack extent, () is the rotation, Vd is the longitudinal 
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reinforcement dowel force, G5 is the shear modulus of steel, and £ 5 is the reduced cross 
section of the bar (taken as 0.9A5 ). 
The equilibrium of the FBD presented in Figure 3.17 is reached when the 
following relationships shown in Equations 3-39 to 3-41 are maintained (horizontal, 
vertical, and moment equilibrium, respectively). Assuming that the diagonal crack extent 
and the internal moment arm (j d) are proportional to the height of the beam as shown in 
Equations 3-42 and 3-43, Equation 3-41 can be rewritten and is presented in Equation 3-




Y = flH (3-42) 
jd =yH (3-43) 
(3-44) 
After differentiating Equation 3-44 and using the fundamental relation of fracture 
mechanics as a criterion for splitting failure as shown in Equation 3-36, Equations 3-45 




where Oe is the variation of the unbonded length, and r is the fracture energy necessary to 
extend the splitting crack by a unit length. For simplicity of calculations and based on 
experimental observations, y and f3 can be taken as 0.9 and 0.8 respectively. The units for 
this model have been set as follows: l'cr in kN, r in kN-m/m, As in mn?, andEs in GPa. 
This model uses the equation given by the CEB-FIP Model Code for the 
assessment of the fracture energy and is presented in Equation 3-47. The maximum 
aggregate size (dagg) is assumed in Gastebled and May's model as 0.75 in. Based on all 
the previous assumptions and assuming a dynamic mode of failure, Equation 3-46 can be 
simplified and is presented in Equation 3-48. 
(
fl )0.7 
G1 = (0.0469d;99 - O.Sdagg + 26) 1; (3-47) 
V: = 4 517 · ~ · (f' ) 0·35 .J A E b cr · ac c s s (3-48) 
The units for this model have been set as follows: Vcr in kN, f' c in MPa, As in m2, 
and E s in GPa, and b in mm. 
The only problem in this model is the determination of the location of the critical 
diagonal crack. Kim and White (1991) postulated the same failure mechanism and 
adopted a mixed approach, partly physical and partly empirical, to predict the flexural-
shear cracking and the position of the critical diagonal crack. Equation 3-49 presents the 
model to calculate the location of the critical diagonal crack. 
1 
( 
(..!)2 )3 Ps a 
ac = k3as s 2 (1-fPJ (3-49) 
where k 3 is an empirical coefficient determined through statistical analysis and has a 
value of 3.3, as is the shear span, Ps is the geometrical reinforcement ratio, and d is the 
effective depth of the beam. Limited experimental data was available to check the 
position of the critical diagonal crack, however, Kim and White found 14 experimental 
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results to perform the statistical analysis and determine a value for the coefficient k3 . 
Significant scatter was reported by the authors. 
The final expression is obtained by substituting Equation 3-49 into Equation 3-48 
and is shown in Equation 3-50. In this expression, the first term corresponds to the size 
effect, the second term takes into account the slenderness of the beam, the third and 
fourth terms reflect the reinforcement ratio influence, and the fifth term corresponds to 
the influence of the concrete strength. 
(3-50) 
where H is the height of the beam, a5 is the shear span, Ps is the geometrical 
reinforcement ratio, f' c is the concrete compressive strength, £5 is the steel modulus of 
elasticity, and b is the width of the beam. 
Bazant and Becq-Giraudon (2002) formulated the empirical expression shown in 
Equation 3-51 to compute fracture energy for specimens with rounded aggregate. This 
equation was calibrated using 161 Rll...EM work-of-fracture tests whereas the equation 
proposed by CEB-FIP was calibrated using much less data. Bazant and Becq-Giraudon 
also reported that GF data computed from work-of-fracture testing have significantly 
more scatter than G1 data computed using other test methods and suggested that this 
scatter was due to errors in measurement of the tail of the load-displacement response 
curve. 
_ (f'c)0.40 ( Dmax)0.43 (w)-0.18 G1 - 0.0143a0 - 1 + -- -8.41 0.0763 c (3-51) 
where a0 is an aggregate shape factor (a0 = 1 for rounded aggregate, and a0 = 1.12 for 
angular aggregate), f' cis the compressive strength of the concrete, Dmax is the maximum 
aggregate size, and~ is the water-to-cement ratio of the concrete. The units of this model 
c 
have been set as follows: f' c in psi, and Dmax in inches. 
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3.4.5. Truss model and modified compression field theory comparison. The 
MCFT can be explained as a truss model in which the shear strength is the sum of the 
steel and concrete contributions. The main difference from a classic truss model with 
concrete contribution is that the concrete contribution in the MCFT is the vertical 
component of the shear stress transferred across the crack (vci) and not the diagonal 
cracking strength. 
Cladera (2002) highlighted the main differences between the truss model and the 
MCFT concrete contributions: 
• The truss model concrete contribution is considered equal to the shear strength of 
a similar beam without shear reinforcement. The MCFT takes into account a 
concrete contribution based on the actual collapse mechanism of a RC beam. 
• The truss model concrete contribution does not vary with the amount of the 
transverse reinforcement. The MCFT concrete contribution depends on the crack 
width. The more shear reinforcement, the lesser the crack width, and the greater 
the concrete contribution. 
3.4.6. Summary of shear design. Shear design in structural concrete has been a 
challenging topic for many years. The truss analogy first proposed by Ritter (1899) and 
then improved by Morsch ( 1902) has been a powerful tool up in understanding the shear 
transfer mechanism in a RC beam. However, progress has been made since those early 
truss models. Three different groups of approaches have been developed: (1) 45 degrees 
truss model, (2) compression field theories, and (3) fracture mechanics approach. 
Predictions of the shear provided by these approaches have improved considerably from 
early formulations, which were based on empirical results. As reported by Collins et al. 
(2008), early design equations for shear have been proven to be unsafe since the 
experimental data used in calibrating the models corresponded to rather small specimens. 
The MCFT offers a rational approach in which the shear transmitted along the crack is 
limited according to the crack width and aggregate size. The STM which was developed 
by Schaich et al. (1987) is often claimed as a transparent method for designing and 
detailing discontinuity regions. It has been highlighted that the method requires several 
simplifications regarding geometry assumed for the truss elements or the effective 
strength of the struts. Finally, it is clear that several difficulties can be faced in 
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developing a STM, such as uniqueness of the model, combinations with other load cases 
or dealing with statically indeterminate systems. 
3.5. DESIGN CODES REVIEW 
There are a variety of design code philosophies that can be found around the 
world for shear design. Some of these rely on empirical formulas for estimating the shear 
strength, such as the ACI 318-08 (2008), while others such as the AASHTO LRFD 
(2004) rely more on concrete models such as the MCFT. This section will detail three 
selected design codes. 
3.5.1. American Concrete Institute, ACI 318-08. The ACI 318-08 method is 
most commonly used for shear design in the United States, and is based on a 45 degree 
truss model. The shear strength is based on an average shear stress distribution across the 
entire cross section, and is composed of a concrete component (l'c;) and a steel component 
(l's). The basic equations for normal-weight, non-prestressed reinforced concrete are 
listed in Equations 3-52 to 3-56. 
Simplified version: Vc = 2ffcbwd 
A . = 0.75 7'' bwS > 50 bwS 
v,mtn V J c f - f 








where, Vu is the factored shear force on the section, C/J is the strength reduction factor 
equal to 0.75 and not shown in Equation 3-52, Vn is the nominal shear strength, Pw = 
...&., As is the area of longitudinal reinforcement, bw is the width of the web, d is the 
bwd 
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distance from the extreme compression fiber to the center of gravity of the steel, Mu is 
the factored moment at the section, f' c is the concrete compressive strength (psi), /yt is 
the yield strength of the transverse reinforcement (psi), s is the spacing of the transverse 
reinforcement, and Av is the area of shear reinforcement. The following condition must 
be maintained Vud ::; 1.0 
Mu 
The ACI 318-08 presents a procedure for calculating the failure shear strength for 
concrete beams without shear reinforcement. The simplified method is presented in 
Equation 3-54. Some research data indicate that Equation 3-53 overestimates the 
influence off' c and underestimates the influence of Pw and Vud . This is why, for most 
Mu 
designs, it is convenient to assume that the second term of this equation equals to 0.1.ff'c 
and use Equation 3-54 to calculate the shear contribution of the concrete. 
3.5.2. AASHTO LRFD Bridge Design Specifications. The AASHTO LRFD 
(2004) method is known as the Sectional Design Model, and is based on the MCFT. The 
nominal shear resistance CVn) can be computed by Equations 3-57 to 3-61. 
v: _ Avfydv cotB s-
s 






where, Vp is the vertical component of the prestressing force, bv is the effective width of 
the web taken as the minimum web width within the depth, dv is the effective shear depth 
taken as the greater of 0.9d or 0.72h, P is the factor indicating the ability of diagonal 
cracked concrete to transmit tension, 8 is the angle of inclination of the diagonal 
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compressive struts, f' c is the concrete compressive strength (ksi), and [y is the yield 
strength of the transver e reinforcement (ksi). 
For sections containing at least the minimum amount of transverse reinforcement, 
the values of f3 and () may be found u ing Table 3.1. The designer selects the row 
corresponding to the shear design stress ratio 
1
v = Vu 
1 
, and selects the column 
'c bvdv 'c 
corresponding to the longitudinal strain (Ex) at mid-depth. The longitudinal strain may be 
computed using Equation 3-62. 
Table 3.1 - Values of 9 and ~for sections with transverse reinforcement (AASHTO 
LRFD, 2004) 
Vu £ X 1000 
f'c 5 5 5 50 50.125 50.25 50.50 50.75 51.00 51.50 52.00 
-0.20 -0./0 -0.05 
$0.075 0 22.3° 20.4° 2 1.0° 21.8° 24.3° 26.6° 30.5° 33.7° 36.4° 40.8° 43.9° p 6.32 4.75 4.10 3.75 3.24 2.94 2.59 2.38 2.23 1.95 1.67 
$0.100 0 18.1 ° 20.4° 21.4° 22.5° 24.9° 27.1 ° 30.8° 34.0° 36.7° 40.8° 43.1 ° p 3.79 3.38 3.24 3.14 2.91 2.75 2.50 2.32 2.18 1.93 1.69 
$0.125 0 19.9° 21.9° 22.8° 23.7° 25.9 27.9° 31.4° 34.4° 37.0° 41.0° 43.2° p 3.18 2.99 2.94 2.87 2.74 2.62 2.42 2.26 2.13 1.90 1.67 
$0.150 0 21.6° 23.3° 24.2° 25.0° 26.9 ' 28.8° 32.1° 34.9° 37.3° 40.5° 42.8° p 2.88 2.79 2.78 2.72 2.60 2.52 2.36 2.21 2.08 1.82 1.61 
$0.175 0 23.2° 24.7° 25.5° 26.2° 28.0° 29.7° 32.7° 35.2° 36.8° 39.7° 42.2° p 2.73 2.66 2.65 2.60 2.52 2.44 2.28 2.14 1.96 1.71 1.54 
$0.200 0 24.7° 26.1 ° 26.7° 27.4° 29.0° 30.6° 32.8° 34.5° 36.1 ° 39.2° 41.7° 13 2.63 2.59 2.52 2.5 1 2.43 2.37 2.14 1.94 1.79 1.61 1.47 
$0.225 0 26. 1° 27.3° 27.9° 28.5° 30.0° 30.8° 32.3° 34.0° 35.7° 38.8° 4 1.4° 13 2.53 2.45 2.42 2.40 2.34 2.14 1.86 1.73 1.64 1.51 1.39 
$0.250 0 27.5° 28.6° 29. 1° 29.7° 30.6° 31.3° 32.8° 34.3° 35.8° 38.6° 41.2° p 2.39 2.39 2.33 2.33 2. 12 1.93 1.70 1.58 1.50 1.38 1.29 
(3-62) 
For sections containing less than the minimum amount of transver e 
reinforcement, the values of f3 and () may be found using Table 3.2. The designer selects 
the row corresponding to an equivalent spacing parameter (Sxe), and selects the column 
corresponding to the longitudinal strain at mid-depth. The equivalent spacing may be 
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computed using Equation 3-63. The longitudinal strain for this case may be computed 
using Equation 3-64. 
Table 3.2- Values of 8 and ~ for sections with less than minimum transverse 
reinforcement (AASHTO LRFD, 2004) 
Sxe (in.) 5 s 
-0.20 -0.10 
:::;5 e 25.4° 25.5° /3 6.36 6.06 
:=;to e 27.6° 27.6° /3 5.78 5.78 
:::;15 e 29.5° 29.5° fi 5.34 5.34 
:::;20 e 31.2° 31.2° /3 4.99 4.99 
:::; 30 () 34. )
0 34. )0 
/3 4.46 4.46 
:::; 40 
() 36.6° 36.6° 
fi 4.06 4.06 
:::; 60 
(} 40.8° 40.8° 
/3 3.50 3.50 
::; 80 e 44.3° 44.3° /3 3. 10 3.10 
5 so S0./25 
-0.05 
25.9° 26.4° 27.7° 
5.56 5.15 4.41 
28.3° 29.3° 31.6° 
5.38 4.89 4.05 
29.7° 3 1. I o 34.1 ° 
5.27 4.73 3.82 
31.2° 32.3° 36.0° 
4.99 4.6 1 3.65 
34.1 ° 34.2° 38.9° 
4.46 4.43 3.39 
36.6° 36.6° 4 1.2° 
4.06 4.06 3.20 
40.8° 40.8° 44.5° 
3.50 3.50 2.92 
44.3° 44.3° 47.1 ° 
3. 10 3. 10 2.71 
1.38sx 
s = ---''-
xe a9 +0.63 
E X 1000 
S0.25 S0. 50 S0.75 s:/.00 51.50 52.00 
28.9° 30.9° 32.4° 33.7° 35.6° 37.2° 
3.91 3.26 2.86 2.58 2.2 1 1.96 
33.5° 36.3° 38.4° 40.1 ° 42.7° 44.r 
3.52 2.88 2.50 2.23 1.88 1.65 
36.5° 39.9° 42.4° 44.4° 47 .4° 49.7° 
3.28 2.64 2.26 2.01 1.68 1.46 
38.8° 42.7° 45.5° 47.6° 50.9° 53.4° 
3.09 2.46 2.09 1.85 1.52 1.31 
42.3° 46.9° 50. 1° 52.6° 56.3° 59.0° 
2.82 2.19 1.84 1.60 1.30 1.10 
45.0° 50.2° 53.7° 56.3° 60.2° 63.0° 
2.62 2.00 1.66 1.43 1.14 0.95 
49.2° 55. I 0 58.9° 61.8° 65.8° 68.6° 
2.32 1.72 1.40 1.18 0.92 0.75 
52.3° 58.7° 62.8° 65.7° 69.JD 72.40 
2.11 1.52 1.21 1.0 1 0.76 0.62 
(3-63) 
(3-64) 
If either value computed for Ex is negative, the user should use Equation 3-65 to 
compute the longitudinal steel strain instead. 
(3-65) 
where, Ac is the area of concrete on the flexural tension side, Ap is the area of 
prestressing steel on the flexural tension side, As is the area of non-prestressed steel on 
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the flexural tension side, /po is computed by the modulus of elasticity of the prestressing 
tendons (Ep) times the locked difference in strain at ultimate load between the 
prestressing tendons and the surrounding concrete, Nu is the factored axial force, Sx is the 
crack spacing parameter, and a9 is the maximum aggregate size in inches. 
A simplified procedure is presented in the AASHTO LRFD (2007) where the 
values of {3 and e can be calculated using the following expressions shown in Equations 
3-66 and 3.67. The parameter Sxe can be calculated using Equation 3-63. 
{3 = 4.8 . _s1_ (3_66) 
1+750ex 39+sxe 
8 = 29 + 3500Ex (3-67) 
3.5.3. Canadian Standards Association, CSA A23.3-04. The Canadian 
Standards Association method, also based on MCFT, gives the following Equations 3-68 
to 3-76 to calculate the shear strength of a section using their general method. Note that 
the equations are given in psi and in. units, with the same notation defined in previous 
sections. 
0.40 1300 
{3 = l+lSOOex • 1000+Sze 
35Sz 







The term a9 should be taken as zero iff' c exceeds 10, 150 psi. The crack spacing 
parameter Sz can be taken as dv or as the maximum distance between layers of 
distributed longitudinal reinforcement, whichever is less. Each layer of reinforcement 
must have an area at least equal to 0.003bvs2 • However, Sze ;;::: 0.85s2 . 
rr _ Avfydv cot8 
vs -
s 
() = 29 + 7000Ex 
Av min ;;::: 0.06 7':: bvs 






4. MIX DESIGN 
4.1. INTRODUCTION 
This chapter describes the process that was carried out to develop a concrete mix 
design using a high volume of cement replacement with fly ash. The objective of this 
process was to maximize the percentage of fly ash in the mix, yet still fulfill the strength 
and workability requirements. A target strength of 5,000 psi at 28 days was selected to 
perform the mix development based on the ACI 211.1-91 document, Standard Practice 
for Selecting Proportions for Normal, Heavyweight and Mass Concrete. Class C fly ash 
donated by the Ameren Corporation (Ameren) was used as replacement of the Portland 
cement due to its high level of calcium. This part of the study used paste and mortar 
mixes to reach optimum combinations and percentages of several powder additions to 
maximize the amount of fly ash. The primary criteria to select such percentages were the 
set time and the rate of strength gain. The main goal was to develop a mix that could 
fulfill a minimum strength requirement of 1 ,000 psi at 1 day in addition to the requisite 
5,000 psi at 28 days. Attainment of this goal would prove that the use of HVFA concrete 
in construction is viable. Chemical composition and morphology of the fly ash and 
Portland cement, mix design development, and compressive strength results are contained 
in the following sections. 
4.2. CEMENTITIOUS MATERIALS COMPOSITION 
4.2.1. Fly ash. Fly ashes are subdivided into two main classes, C and F, which 
reflect the composition of the inorganic fractions. Class F fly ashes are produced from 
either anthracite bituminous or sub-bituminous coals. Class C fly ashes are derived from 
sub-bituminous or lignitic coals. In other words, the two classes of fly ash are 
distinguished by the silica oxide and calcium contents of the type of coal burned. Fly ash 
can be cementitious, pozzolanic, or both. Class F fly ash is pozzolanic while Class C fly 
ash is often cementitious and pozzolanic. Cementitious fly ash hardens when wetted 
while pozzolanic fly ash requires a reaction with lime before hardening. Both classes of 
fly ash are used as partial cement replacement in concrete. 
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The fly ash used in this study was an ASTM Class C fly ash produced in 
Ameren' s coal-fired electrical generating plant located in Labadie, Missouri. The 
chemical composition of the fly ash is given below in Table 4.1. Initially, four samples of 
fly ash were tested for chemical composition by an independent lab hired by Ameren. 
The amount of each oxide represents the range of the four samples expressed as a weight 
percentage. Table 4.1 also shows the results of the most recent chemical analysis 
pe1formed on this fly ash, as performed by the Missouri Department of Transportation 
(MoDOT) on March 4, 20 11. Table 4.2 shows the typical ranges of the chemical 
composition of a Class C fly ash. The chemical oxide quantities reported in Table 4.1 
coincide with those listed in Table 4.2. The fly ash also meets the requirements of ASTM 
C618 [2008] "Standard Specification for Coal Fly Ash and Raw or Calcined Natural 
Pozzolan for Use in Concrete". 
Fly ash consists of silt-sized particles which are generally spherical, typically 
ranging in size between 10 and 100 microns. These small glass spheres improve the 
fluidity and workability of the fresh concrete. Fineness is one of the important properties 
contributing to the pozzolanic reactivity of fly ash. In general, the finer the particles, the 
more reactive they become. Figure 4.1 presents a plot of the particle size analysis of the 
Ameren fly ash, as performed by Ash Grove Cement Company, Overland Park, Kansas. 
Table 4.1 - Chemical analysis of Ameren fly ash 
Oxide Analysis by Analysis by Ameren MoDOT 
Silicon Oxide (Si02) 30.45 - 36.42 33.46 
Aluminum Oxide (A/20 3) 16.40-20.79 19.53 
Iron Oxide (Fe203) 6.78-7.73 6.28 
Calcium Oxide (CaO) 24.29 - 26.10 26.28 
Magnesium Oxide (MgO) 4.87-5.53 5.54 
Sulfur Trioxide (S03) 2.18-6.36 2.40 
Sodi~1m Oxide (Na20) 1.54- 1.98 1.73 
Potassium Oxide (K20) 0.38 - 0.57 0.45 
Titanium Dioxide (Ti02) 1.42- 1.56 1.48 
Phosphorus Pentoxide (P205) 1.01 - 1.93 1.30 
Manganese Oxide (MnO) 0.028 - 0.036 0.041 
Strontium Oxide (SrO) 0.40 - 0.44 0.40 
Barium Oxide (BaO) 0.68 - 0.99 0.84 
LOI 0.24-1.15 0.34 
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Table 4.2 - Fly ash chemical differences expressed as weight percentage (ASTM C618 
[2008]) 
Component Bituminous Sub-bituminous Lignite 
Si02 20-60 40-60 15 -45 
Al203 5-35 20-30 10 - 25 
Fe20 3 10-40 4- 10 4- 15 
CaO I -12 5-30 15-40 
MJ?.O 0-5 1-6 3-10 
so] 0-4 0 -2 0-10 
Na20 0-4 0 -2 0-6 
K20 0 -3 0 -4 0-4 




-'1e. 0 70 
-C() 











0.1 1.0 10.0 100.0 1000.0 
Size (micl'ons) 
- Fly ash 
Figure 4.1 -Particle size analysis of Ameren fly ash 
4.2.2. Portland cement. There are five distinct Portland cements used in the 
United States. These cements are recognized by ASTM and are known by their ASTM 
designations. ASTM Type I is the cement most commonly used in general construction 
where no special properties are specified. ASTM Type IT is that cement designed to have 
moderate sulfate resistance and it is meant for use when concrete is in contact with soils. 
ASTM Type III cement has a relatively high early strength. Type ill is also used for 
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concreting at low temperatures. ASTM Type TV cement is generally known for its low 
heat of hydration. Finally, ASTM Type V cement is used where sulfate resistance is a 
critical design issue. 
The Portland cement used in this study was an ASTM Type I with the chemical 
composition presented in Table 4.3. This chemical analysis was performed by Lafarge 
Cement, Sugar Creek, Missouri. Figure 4.2 presents a plot of the particle size analysis of 
the Type I Portland cement also perfOimed by Ash Grove Cement Company. 
Table 4.3 -Chemical analysis of ASTM Type I Portland cement 
Oxide Analysis by Laforge 
Silicon Oxide (Si0 2) 19.80 
Aluminum Oxide (Al20 3) 4.80 
Iron Oxide (Fe203) 3.10 
Calcium Oxide (GaO) 63.20 
Magnesium Oxide (MgO) 1.40 
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Figure 4.2- Particle size analysis of ASTM Type I Portland cement 
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4.2.3. Comparison between fly ash and Portland cement. Fly ash is typically 
finer than Portland cement, as shown in Table 4.4 and Figure 4.3. The pozzolanic activity 
is highly dependent on the amount of particles under 10 microns whereas particles larger 
than 45 microns show little or no pozzolanic activity (Malhotra and Mehta, 2008). Fly 
ashes available in North America generally contain 40 to 50% of the particles under 10 
microns and less than 20% of the particles larger than 45 microns, with an average size 
between 15 and 20 microns. 
In general, the mechanisms by which other cementitious materials, such as fly 
ash, influence the properties of fresh and hardened concrete are dependent more on the 
size, shape, and texture of the particles than on the chemical composition (Malhotra and 
Mehta, 2008). A good example could be related to the water demand and the workability 
that are controlled by particle size distribution, particle packing effect, and smoothness of 
the surface texture. 
Previous research has proven that the use of fly ash as Portland cement 
replacement generally reduces the water demand required for a given workability. In 
2004, Mehta stated that the reductions in water demand may be attributed to three 
mechanisms. First, the fine fly ash particles prevent cement flocculation. Also, since the 
fly ash particles have a smooth, spherical surface as opposed to the angular surface of 
cement particles, as shown in Figure 4.4, fly ash reduces the interparticle friction. Finally, 
the reduction in water demand may be attributed to more efficient particle packing within 
the paste. 
Another parameter that is beneficiated with fly ash is the hydration of cement, 
which is an exothermic process. When fly ash is used to replace Portland cement in 
concrete, the rate of heat development and overall heat of hydration is altered. In some 
cases, the total heat of hydration is reduced, which can be very beneficial in mass 
concrete construction, for instance, concrete dams. During mass concrete pours, the 
maximum temperature rise for concrete containing fly ash will depend on the chemical 
composition of the fly ash, replacement level, and concrete temperature at placement as 
reported by Thomas (2007). 
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Table 4.4- Particle size analysis of Portland cement and fly ash 
Portland Fly aslz Cement 
Size (microns) % Pass %Pass 
704.00 100.00 100.00 
592.00 100.00 100.00 
497.80 100.00 100.00 
418.60 100.00 100.00 
352.00 100.00 100.00 
296.00 100.00 100.00 
248.90 100.00 100.00 
209.30 100.00 100.00 
176.00 100.00 100.00 
148.00 100.00 100.00 
124.50 100.00 100.00 
104.70 100.00 100.00 
88.00 100.00 97.55 
74.00 99.67 95.38 
62.23 99. 14 93.30 
52.33 98.21 91.13 
44.00 96.53 88.69 
37.00 93.51 85.91 
31.1 1 88.38 82.79 
26. 16 80.65 79.45 
22.00 70.99 76.06 
18.50 61.30 72.80 
15.56 53.20 69.73 
13.08 46.75 66.79 
11.00 41.05 63.78 
9.25 35.19 60.48 
7.78 28.76 56.69 
6.54 22. 15 52.40 
5.50 16.23 47.7 1 
4.63 11.49 42.74 
3.89 7.87 37.58 
3.27 5. 15 32.43 
2.75 3. 19 27.34 
2.31 1.84 22.66 
1.95 0.96 18.49 
1.64 0.39 14.76 
1.38 0.00 11.38 
1.16 0.00 8.35 
0.97 0.00 5.82 
0.82 0.00 3.89 
0.69 0.00 2.52 
0.58 0.00 1.57 
0.49 0.00 0.90 
0.41 0.00 0.40 
0.34 0.00 0.00 
0.29 0.00 0.00 
0.24 0.00 0.00 
0.20 0.00 0.00 
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Figure 4.3 -Comparison of the particle size analys is of Portland cement and fly ash 
Figure 4.4- Comparison between Portland cement (left) and fly ash (right) shapes 
4.3. ACTIVATORS 
Although certain fly ashes exhibit some cementitious properties, the main 
contribution to the hardened concrete properties results from the pozzolanic reaction of 
the fly ash with the calcium hydroxide released by the Portland cement. The pozzolanic 
reaction typically occurs more slowly than cement hydration reactions and consequently 
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concrete containing fly ash requires more curing during early ages. Previous research has 
shown that fly ash has very little immediate chemical reaction when it is only mixed with 
water. There are enough oxides and aluminates within the Portland cement to provide 
sufficient reaction in the process of hydration, whereas fly ash requires the addition of 
activators to initiate the hydration process. The activators used in the HVFA concrete for 
this study were calcium hydroxide and gypsum, selected based on previous research 
(Bentz, 2010). Appropriate proportions were determined to ensure a proper hydration 
process. Insufficient amounts of activators may generate a delay in reaching adequate 
early-age strengths. Excess amounts of activators may generate a rapid set or false set 
that may not develop the required densification of the microstructure, also affecting the 
concrete strength. 
4.3.1. Gypsum. Calcium sulfate dihydrate (gypsum) is added to Portland cement 
to limit the vigorous initial reaction of the tricalcium aluminate (C3A) with water, which 
can lead to a flash set. However, when fly ash is used in large amounts, such as in a 
HVFA concrete consisting of 70% fly ash replacement, additional gypsum may be 
required to prevent sulfate depletion and promote the immediate start of the hydration 
process (Malhotra and Mehta, 2008). 
The gypsum used in this study was obtained from USA Gypsum, Reinholds, 
Pennsylvania, where it is produced from recycled gypsum wallboard. Gypsum board, 
otherwise known as drywall, is regular I y used as a building interior lining and 
partitioning where structural requirements are low. The panels of drywall are made of 
gypsum plaster pressed between two thick sheets of paper. The gypsum used in this study 
was ground to an ultra-fine consistency with a 96% pure content of calcium sulfate 
dihydrate (CaS04) with 4% inert material. Figure 4.5 shows the packaging and gypsum 
material used in this study. 
The mixture proportion for gypsum was determined from a previous study carried 
out by Bentz (2010). Bentz studied a 50:50 ratio of Portland cement to fly ash, and found 
that at least 2% additional gypsum by mass of total cementitious materials was required 
for a proper hydration. Having a higher fly ash content would likely require more than 
2% of gypsum, so it was decided to use a 4% replacement of the fly ash with gypsum. 
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This amount proved to be effective in te ti ng of paste and mortar cubes, the results of 
which will be d iscussed later in this section. 
Figure 4.5 - Gypsum material sample 
4.3.2. Calcium hydroxide. In conventional concrete, the tricalc ium silicate (C.S) 
and dicalcium silicate (C2S) react individually with water to produce the principal 
hydration product of calcium silicate hydrate (C-S-H) as well as calcium hydroxide (CH) 
in varying amounts. This reaction will be repeated over time producing an excess of CH. 
The fly ash wi ll then consume the excess CH and continue to hydrate, forming additional 
C-S-H, and gaining additional strength over time. In a HYFA concrete, additional 
calcium hydroxide is required to ensure a more complete hydration process for the fly 
ash. 
The hydrated lime (calcium hydroxide) used in this study was purchased from 
Mississippi Lime, Sainte Genevieve, Missouri . A standard hydrated lime material of 96% 
purity was added to the HVFA mixture. Figure 4.6 shows the packaging and calcium 
hydroxide materi al. 
The same method used for the se lection of the amount of gypsum was repeated to 
determine the proportions for calcium hydroxide. Bentz found that at least 5% of calcium 
hydrox ide by weight of total cementitiou material was sufficient fo r early and late age 
strength gain in cement pastes containing a 50:50 ratio o f Portl and cement to fly ash. 
Having higher fl y ash content would likely require more than 5% calcium hydroxide, so 
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it was decided to use a I 0% replacement of fly ash with calcium hydrox ide. A higher 
amount of calcium hydroxide ( 15%) was also tested and initial results showed an increase 
in the compressive strength compared to the paste containing only 10% calcium 
hydroxide. However, results of compressive strength at later ages showed no 
advantageous increase, concluding that a I 0% replacement with calcium hydroxide was 
sufficient for this particular fly ash. 
Figure 4.6 - Calcium hydroxide material sample 
4.4. PASTE AND MORTAR CUBES 
4.4.1. General. The purpose of testing paste and mortar cubes was to optimize 
the constituent percentages for a control and experimental HVFA mix using a specimen 
that is smaller and more cost-effective to construct before advancing to larger specimen 
tests. Cubes made from paste (water, cementitious materials, and activators only) were 
used to determine what percentages of fly ash substitution, gypsum, and calcium 
hydroxide were optimal to achieve practical early-age compressive strengths. Mortar 
cubes, including sand supplied by Capital Sand, Jefferson City, Missouri , were used to 
determine a plausible water to cement ratio that would allow for a sufficient balance 
between workabi lity and compressive strength. 
4.4.2. Paste cubes procedure. Each specimen was constructed and tested 
following the guidelines set in ASTM Cl09 [2008] "Standard Test Method for 
Compressive Strength of Hydraulic Cement Mortars" using 2 in. cube specimens. The 
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specimens were moist cured until the day of testing. The paste cubes, with a 0.40 w/cm, 
were tested at 1, 3, and 7 days in order to determine the early strengths of the mix, since 
early form removal is a concern when using HVFA concrete for construction. The 0.40 
w/cm was selected based on previous research and the desired objectives of this stage of 
the research as mentioned previously. Several modifications were made to the ASTM 
C109 [2008] procedure in order to account for the low paste viscosity and the addition of 
activators in the mixing phase. These modifications were as follows: 
• To ensure that no paste would leak through the joints in the cube molds, the molds 
were caulked with silicon on the outside (Figure 4. 7) 
• A 5 gallon bucket with lid was modified to accommodate a drill-driven paddle by 
cutting a hole in the lid (Figure 4.8) 
• One half of the required mixing water was added to the bucket 
• Cementitious materials were then added to the bucket (first the fly ash, then the 
cement) while stirring the mixture 
• The activators (CH and gypsum) were mixed with the remaining half of the 
required water in a separate container to form a light slurry 
• The activator slurry was then added to the cementitious mixture and mixed with 
the drill paddle for 5 minutes 
• After mixing, the sides and lid of the bucket were checked for excess and 
unmixed material 
• The mix was then transferred to a pitcher with a pouring spout for ease of 
placement into the cube molds 
• The paste was then poured into the molds in one lift via the pitcher 
• The molds were then vibrated with a rubber mallet for consolidation purposes and 
the excess paste was struck off with a polypropylene straight edge 
• The molds were then placed in a moist cure chamber 
• The cubes were de-molded at 1 day with the exception of the 100% fly ash 
specimens which had not set 
• The de-molded cubes were placed back in the moist cure room until the test dates 
Every specimen was tested on a 600,000 lb. capacity Forney compression 
machine until failure. The test matrix for this phase of the study is shown in Table 4.5. 
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Figure 4.7 - Caulked cube molds 
Figure 4.8 - Five gallon bucket and mixer set-up 
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Table 4.5 -Test matrix for paste cubes 
%of Cementitious Material 
Specimen Set Cement Fly Ash Gypsum* Calcium Hydroxide* 
Control 100 0 - -
50150 50 50 - -
40160 40 60 - -
25175 25 75 - -
100% FA 0 100 - -
50150-G 50 50 4 -
40/60-G 40 60 4 -
25175-G 25 75 4 -
100% FA-G 0 100 4 -
50/50-G-l OCR 50 50 4 10 
40/60-G- 1 OCH 40 60 4 10 
25175-G- l OCH 25 75 4 10 
100% FA-G-lOCH 0 100 4 10 
50/50-G-15CH 50 50 4 15 
40/60-G-15CH 40 60 4 15 
25/75-G-15CH 25 75 4 15 
100% FA-G-15CH 0 100 4 15 
* Percentage of fly ash replaced by activator 
4.4.3. Mortar cubes procedure. The mortar cubes, with w!cm values of 0.30 and 
0.40, were tested at 3, 7, and 28 days (moist cured until test date) to predict the effects 
that the w/cm would have on the mix from early age strengths up until the design strength 
of 28 days. The mortar cube fabrication process more closely followed the ASTM CJ09 
[2008] standard. Due to a more manageable mix viscosity, actual mixing was performed 
using a Hobart mixer. The activators were added, as they were for the paste cubes, as part 
of the second water addition, and the sand-to-cementitious material ratio used was 0.33. 
The sand was supplied by Capital Sand, a company located in Jefferson City, Missouri, 
with the gradation shown in Table 4.6. The fine aggregate had a fineness modulus of 2.60 
and a specific gravity of 2.42 (oven-dry-rodded conditions). 
Every specimen was tested on a 600,000 lb. capacity Forney compression 
machine until failure. The test matrix for this experiment is shown in Table 4.7. 
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Table 4.6 - Sand gradation performed at Missouri S&T 
Sieve Size *" #4 #8 #16 #30 #50 #100 #200 
Total % Passing 100 99 92 79 48 9 1 0.2 
Table 4.7- Test matrix for mortar cubes 
% of Cementitious Material 
Specimen Set wlcm Cement Fly Ash 
Control-0.40 LOO 0 
50/50-0.40 
0.40 50 50 25/75-0.40 25 75 
100% FA-0.40 0 100 
Control-0.30 100 0 
50/50-0.30 
0.30 50 50 25/75-0.30 25 75 
100% FA-0.30 0 100 
4.4.4. Results. The results recorded from the paste and mortar cube tests were 
organized into Tables 4.8 and 4.9. Each value in the tables represents the average of three 
rep! icate specimens. 
4.4.5. Analysis and conclusions. A number of conclusions can be drawn from 
the paste cube test data (Figures 4.9 to 4.12). The data shows that adding 15% calcium 
hydroxide and 4% gypsum (by weight of fly ash material) results in the highest 
compressive strengths for the HVFA mixes. The two best performing HVFA mixes were 
the 50% and 60% fly ash mixes with nearly identical 7 day strengths. The 75% fly ash 
mix did not perform as well as the 50% and 60% mixes, but exhibited suff1cient strength 
at 7 days. The poorest performing mix was the 100% fly ash mix. Since the objective of 
this study was to push the bounds of fly ash substitution in concrete, the 75% fly ash mix 
was selected for further testing. The 75% fly ash mix including 10% calcium hydroxide 
was used since there was little difference in the results between this mix and the mix 
including 15% calcium hydroxide. 
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Table 4.8 - Compressive strengths for paste cubes 
Compressive Strength (psi) 
Specimen Set Day 1 Day3 Day7 
Control 1,750 3,920 5,260 
50150 558 1,920 3,590 
40/60 439 1,570 2,140 
25175 0 740 1,270 
100% FA 0 35 53 
50/50-G 981 2,500 3,540 
40/60-G 793 1,700 2,470 
25175-G 339 1,270 1,650 
100% FA-G 0 0 71 
50/50-G- 1 OCH 1,060 2,530 2,940 
40/60-G- 1 OCH 953 2,240 2,710 
25175-G-IOCH 554 1,220 1,3 10 
100% FA-G-lOCH 671 670 748 
50/50-G-15CH 1,710 2,650 3,800 
40/60-G- L 5CH 890 2,390 3,700 
25175-G- L5CH 980 1,080 1,550 
100% FA-G-L5CH 624 616 580 
Table 4.9- Compressive strength for mortar cubes 
Compressive Strength (psi) 
Specimen Set wlcm Day3 Day7 Day 28 
Control-0.40 3,440 5,280 5,510 
50150-0.40 
0.40 2.7~0 4,080 5,370 25175-0.40 1,000 1,9 10 2,910 
100% FA-0.40 74 3 13 520 
Control-0.30 2,905 4,700 5,110 
50/50-0.30 
0.30 2,110 2,810 3,930 25/75-0.30 1,430 1,820 2,380 
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Figure 4.9 - Paste cubes with no admixtures 
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The test results from the mortar cubes suggest that us ing a wlcm of 0.30 can 
increase the specimen strength in some cases, such as with the 25/75 mix, but the Joss of 
workability outweighs the minimal strength gain. This is evident with the 0.30 wlcm 
control specimens, which yielded lower results due to compaction problems caused by 
the lack of water. Therefore, a w/cm of at least 0.40 was selected for further testing. A 
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Figure 4. 14- Mortar cube compressive strengths on test days (w/cm = 0.30) 
4.5. CONCRETE MIX DESIGN 
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The HYFA concrete mix design was developed using the procedure outlined in 
Section 6 of the ACI 211.1-9 1 document. The procedure for selection of mix proportions 
given in this document is applicable to normal weight concrete. Estimating the required 
batch weights for the concrete involves a sequence of logical, straightforward steps to fit 
the characteristics of the materials into a mjxture suitable for a specific application. An 
expected 28-day target strength of 5,000 psi was considered. The solution approach used 
during the mix development is summarized below. Although, the ACI 21 1. 1-9 1 
document applies only for conventional concrete mixtures with a maximum replacement 
of 35% of Portland cement with fly a h, thi document was used as the basis for the 
de ign of the HYFA mjxture. 
4.5.1 . Choice of slump. If slump is not specified, a value appropriate for the 
work can be selected from Table 4. LO. These slump ranges shown apply when vibration 
is used to consolidate the concrete. 
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Table 4.10- Recommended slump for various types of construction (ACI 211.1-91) 
Types of construction Slump (in.) Maximum Minimum 
Reinforced foundation, walls, and footings 3 1 
Plain footings, caissons, and substructure walls 3 l 
Beams and reinforced waJls 4 1 
Building columns 4 1 
Pavements and slabs 3 1 
Mass concrete 2 1 
The s lump may be increased when chemical admixtures are used, provided that 
the admixture-treated concrete has the same or lower water-to-cement or water-to-
cementitious materials ratio and does not exhibit segregation potential or excessive 
bleeding. For this research, a slump of 4 in. was selected. 
4.5.2. Choice of maximum aggregate size. The maximum aggregate size was 
determined based on the gradation of the materials available locally. A gradation of the 
coarse aggregate is shown in Table 4.1 1. Generally, the nominal maximum aggregate size 
should be the largest that is economically available and consistent with the dimensions of 
the structure. Large nominal maximum sizes of well graded aggregates have fewer voids 
than smaller sizes. For this research, the coarse aggregate, referred as to Jefferson City 
dolomite, was supplied by Capital Quanies, a company located in Jefferson City, 
Missouri. The aggregate maximum size was determined as % in. , while the specific 
gravity was found to be 2.61 (oven-dry-rodded conditions). 
Table 4.11 - Coarse aggregate gradation performed at Missouri S&T 
Sieve Size ]" *" ·~" %" #4 #8 #30 #100 #200 
Total % Passing 100 89 59 47 16 7 4 4 3 
4.5.3. Estimation of the mixing water and air content. The quantity of water 
per unit volume of concrete required to produce a given slump is dependent on: the 
nominal maximum size, pru1icle shape, and gradation of the aggregates; the concrete 
temperature; the amount of entrained air; and the use of chemical admixtures. Slump is 
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not significantly affected by the quantity of cement or cementitious materials within 
norma1 levels. The selection of the required mix ing water was made based on Table 4.12. 
Slump values of more than 7 in. are only obtained through the use of water-
reducing chemical admixtures. For this research , a value of 340 lb/yd3 of water was 
obtained from this table. This value was defined as the optimum value for this mix 
design. However, for concrete ordered from the local ready mix supplier, approximately 
8 gallons/yd3 of water was held in abeyance for subsequent s lump adjustment at the lab 
prior to placement. Water was then added at the lab until the desired slump was reached, 
but never exceeding the amount of water held back initial ly. This approach also helped to 
adjust the overall mixing water content based on the actual water content of the aggregate 
for each particular placement. 
Table 4.12 - Approximate mixing water and air content requirements for different slumps 
and nominal maximum sizes of aggregates (ACI 21 1.1 -91) 
Water (lblyd.1) of concrete for indicated nominal maximum sizes of aggregate 
Slump (in.) * in. ~ in. *in. 1 in. 1~ in 2 in. 3 in. 6 in. 
Non-air-entrained concrete 
1 to 2 350 335 315 300 275 260 220 190 
3 to 4 385 365 340 325 300 285 245 210 
6 to 7 410 385 360 340 315 300 270 -
More than 7 - - - - - - - -
Approximate amount 




1 to 2 305 295 280 270 250 240 205 180 
3 to 4 340 325 305 295 275 265 225 200 
6 to 7 365 345 325 310 290 280 260 -
More than 7 - - - - - - - -
Recommended averages total air content, percent f or Level of exDosure 
Mild exposure 4.5 4.0 3.5 3.0 2.5 2 .0 1.5 1.0 
Moderate exposure 6.0 5.5 5.0 4.5 4.5 4.0 3.5 3.0 
Severe exposure 7.5 7.0 6.0 6.0 5.5 5.0 4.5 4.0 
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4.5.4. Selection of the water-to-cementitious materials ratio. The w!cm is 
determined not only by strength requirements, but also by factors such as durability. In 
the absence of data to develop a relationship between strength and wlcm for the materials 
to be used, a set of approximate and relatively conservative values for concrete 
containing ASTM Type I Portland cement can be taken from Table 4.13. 
Table 4.13 -Relationship between water-to-cement or water-to-cementitious materials 
ratio and compressive strength of the concrete (ACI 211.1-91) 
Compressive strength Water-to-cement ratio by weight 
at 28 days (psi) Non-air-entrained concrete Air-entrained concrete 
6,000 0.41 -
5,000 0.48 0.40 
4,000 0.57 0.48 
3,000 0.68 0.59 
2,000 0.82 0.74 
These values are estimated average strengths for concrete containing no more 
than 2% air for non-air-entrained concrete and 6% total air content for air-entrained 
concrete. Strength is based on 6 x 12 in. cylinders moist-cured for 28 days. The 
relationship in Table 4.13 assumes a nominal maximum aggregate size of about % to 1 
inch. For this research, two water-to-cement ratios were used. A water-to-cement ratio 
(w!c) of 0.45 was selected for the conventional mix, and a water-to-cementitious 
materials ratio (wlcm) of 0.40 was selected for the HVFA mix. This difference in these 
ratios is due to reports of previous research showing that when fly ash is incorporated 
into the mix, the water demand is lower for the same level of workability. 
4.5.5. Calculation of the cement content. The amount of cement per unit 
volume of concrete is fixed by the determinations previously made in Sections 4.5.3 and 
4.5.4. The required cement is equal to the estimated mixing-water content divided by the 
water-to-cement ratio. Equation 4-1 shows how to calculate the amount of cement. 
340 lb Amount of cement = - = 850 / d3 0.40 y (4-1) 
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4.5.6. Estimation of the coarse aggregate content. Aggregates of essentially the 
same nominal maximum size and gradation will produce concrete of satisfactory 
workability when a given volume of coarse aggregate is used per unit volume of 
concrete. Appropriate values for thi aggregate volume are given in Table 4.14. The 
volume of coarse aggregate in a unit volume of concrete is dependent only on its nominal 
maximum size and the fineness modulus of the fine aggregate. The fineness modulus of 
the fi ne aggregate available from the local supplier was 2.60. 
Volumes are based on aggregates in oven-dry-rodded conditions. These volumes 
are selected from empirical relationships to produce concrete with a degree of workability 
suitable for usual construction. 
For this research, the available coarse aggregate had a unit weight of J 01.5 lb/ft3. 
The amount of coarse aggregate is calculated from the value obtained in Table 4.14 
multiplied by 27 and the unit weight. Equation 4-2 shows how to calculate the amount of 
coarse aggregate. 
Table 4.14- Volume of coarse aggregate per unit of volume of concrete (ACI 2 1 L .1-91) 
Volurne of oven-dry-rodded 
Nominal coarse aggregate per unit 
maximum size of volwne of concrete for different fineness moduli of 
aggregate (in.) fine a!u?ref(afe 
2.40 2.60 2.80 3.00 
:Ys 0.50 0.48 0.46 0.44 
Y2 0.59 0.57 0.55 0.53 
% 0.66 0.64 0.62 0.60 
l 0.7 1 0.69 0.67 0.65 
1 Y2 0.75 0.73 0.71 0.69 
2 0.78 0.76 0.74 0.72 
3 0.82 0.80 0.78 0.76 
6 0.87 0.85 0.83 0.81 
Amount of coarse aggregate= 0.64 x 27 x 101.5 = 1750 lb f yd3 (4-2) 
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4.5.7. Estimation of the fine aggregate content. After the completion of the 
previous step, all ingredients of the concrete have been estimated except for the fine 
aggregate. Either of two procedures may be employed to estimate the fine aggregate 
content, the weight method or the absolute volume method. For this research, the weight 
method was used. 
The required weight of the fine aggregate is simply the difference between the 
weight of fresh concrete calculated using Table 4.15 and the total weight of the other 
ingredients. Equation 4-3 shows how to calculate the amount of fine aggregate. 
Table 4.15 - First estimate of weight of fresh concrete (ACI 211.1-9 I) 
Nominal First estimate of weight offresh 
concrete ( lblyd3) 
maximum size of Non-air-entrained Air-entrained 
aggregate (in.) 
concrete concrete 
~ 3,840 3,7 10 
Yz 3,890 3,760 
% 3,960 3,840 
I 4 ,010 3,850 
1 '!2 4,070 3,9 10 
2 4 ,120 3,950 
3 4 ,200 4,040 
6 4,260 4,110 
Amount of fine aggregate= 3960- (340 + 850 + 1754) = 1020 lb j yd3 (4-3) 
4.5.8. Adjustments for aggregate moisture. The aggregate quantities to be 
weighed out for the concrete must allow for moisture in the aggregates. Generall y, the 
aggregates will be moist and their dry weights should be increased by the percentage of 
water they contain, both absorbed and surface. The mixing water added to the batch must 
be reduced by an amount equal to the free moisture contributed by the aggregate. 
During the casting of the beams, periodic measurements of moisture content and 
percentage of absorption were carried out on the coarse and fine aggregates to maintain 
the same conditions for al l castings. The moisture content was measured following the 
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standard described in ASTM C566 [1997] "Standard Test Method for Total Evaporable 
Moisture Content of Aggregate by Drying". The percentage of absorption was measured 
following the standards described in ASTM C127 [2007] "Standard Test Method for 
Density, Relative Density (Specific Gravity), and Absorption of Coarse Aggregate" for 
the coarse aggregate, and ASTM Cl28 [2007] "Standard Test Method for Density, 
Relative Density (Specific Gravity), and Absorption of Fine Aggregate" for the fine 
aggregate. Equations 4-4 through 4-6 show how to adjust the amount of water due to 
moisture contents. As an example, data measured in the first and second castings of the 
control specimens will be used, the moisture contents for the coarse aggregate and fine 
aggregate measured 2.3% and 1.7%, respectively. The percentages of absorption were 
found to be 0.5% and 0.9% for the coarse and fine aggregate, respectively. Absorbed 
water does not become part of the mixing water, therefore, it is excluded from the 
adjustment in the water as shown below. 
Adjustment for coarse aggregate= 1754 x (0.023- 0.005) = 31.6lb lyd3 (4-4) 
Adjustment for fine aggregate = 1016 x (0.017- 0.009) = 8.1lb I yd3 ( 4-5) 
Amount of water (adjusted) = 340- (31.6 + 8.1) = 300.3lb I yd3 (4-6) 
4.5.9. Estimation of the amount of fly ash and activators. This step does not 
apply to the control specimens that were cast using a conventional mix. The purpose of 
this research was to evaluate the effectiveness of a concrete containing a high amount of 
fly ash. After some hatching and testing of different mixes using cubes and cylinders, a 
70% replacement of Portland cement with fly ash was selected as the target. Additional 
powder activators to improve the early strength were also considered in the mix design. 
Calcium hydroxide and gypsum were selected for their favorable contribution to the 
development of early strength in a high-volume fly ash concrete mix. A 10% replacement 
with calcium hydroxide and a 4% replacement with gypsum were incorporated to the mix 
design. The amount of these activators was based on the amount of fly ash, but it was 
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deducted from the total amount of the cementitious materials to maintain the ratio 
between the fly ash and Portland cement (70/30). Equations 4-7 through 4-1 1 show how 
to calculate the weight of these admixtures. From Equation 4-1, a total amount of cement 
equal to 850 lb/yd3 was determined for the base (control) mix design. 
Amountofflyash (not final)= 850 x 0.70 = 595lblyd3 (4-7) 
Amount of calcium hydroxide = 595 x 0.10 = 59lb I yd3 (4-8) 
Amount of gypsum = 595 x 0.04 = 24lb I yd3 (4-9) 
Amountofflyash (final)= (850- (59+ 24)) x 0.70 = 537lblyd3 (4-10) 
Amount of cement= (850- (59+ 24)) x 0.30 = 230 lblyd 3 (4-ll) 
4.5.10. Summary of the mix designs. Tables 4.16 and 4.17 present a summary 
of the final amount of each ingredient for the mixes used in this research. Table 4. 16 
presents the final design of a conventional mix used in the control specimens with a w/c 
equal to 0.45. Table 4.17 presents the final design of the HVFA concrete mix used in this 
research with a wlcm equal to 0.40. The values contained in these tables are given in 
saturated surface dry (SSD) conditions. 
Table 4.16- Conventional mix description 
lnRredient Amount (lb/yd3 ) 
Water 340 
Portland cement 756 
Coarse aggregate 1,750 
Fine aggregate 1,110 
wlc 0.45 
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Table 4.17- HVFA mix description 
Ingredient Amount ( lb/ydj) 
Water 340 
Portland cement 230 
Cementitious Fly ash 537 
materials Calcium hydroxide 59 
Gypsum 24 
Coarse aggregate 1,750 
Fine aggregate 1,110 
wlcm 0.40 
4.6. CYLINDER COMPRESSION TESTING 
4.6.1. General. Cylinder compression tests were used to test the strengths of the 
mixes utilizing the proportions from the compression cube tests in conjunction with the 
other concrete constituents, such as coarse and fine aggregate. A mix with a fly ash 
replacement value of 70% was selected for testing based on the success of the 75% fly 
ash paste cube specimens. This design allows the mix to have a fly ash percentage closer 
to that of the top performing HVFA paste cube specimens as well as a fly ash content 
twice the ACI recommended maximum of 35% (ACI Committee 232, 2003). Four other 
sets of cylinders were constructed using fly ash replacement contents of 0, 50%, 60%, 
and 75% for comparison purposes. 
4.6.2. Procedure. Each cylinder specimen was constructed in accordance with 
ASTM C l92 [2007] "Standard Practice for Making and Curing Concrete Test Specimens 
in the Laboratory". Mixing was performed in a 6 ft3 drum mixer with a maximum batch 
capacity of 4 fe, as shown in Figure 4.15. The fly ash was added with the cement at the 
ASTM designated time for addition of cementitious material and the activators were 
added using the second specified water addition as a vehicle. The concrete was then 
mixed, poured, and cured as per ASTM Cl92 [2007]. The specimens were moist cured 
for I, 3, 7, or 28 days, depending on the designated test day for each specimen, before 
they were tested until fai lure using a 600,000 lb. capacity Forney compression machine in 
accordance with ASTM C39 [2011] "Standard Test Method for Compressive Strength of 
Cylindrical Concrete Specimens". The test matrix for the cylinder tests is shown in Table 
4.18. 
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4.6.3. Results. The results from the cylinder compressive strength tests are 
shown in Table 4.19. As with the compression cube tests, each specimen set consists of 
the average of three replicate specimens. 
4.6.4. Analysis and conclusions. The test results, as shown in Figure 4.16, 
suggest that the highest strength HVFA concrete mixes are the 50% and 60% fly ash 
proportions with nearly identical results. The 70% fly ash mix, however, yielded a 
reasonable 1-day compressive strength of over l , 100 psi, a 3-day compressive strength of 
nearly 2,000 psi, and 28-day strength of nearly 4,500 psi. Since these values are 
acceptable when designing concrete for normal construction, the final HVFA concrete 
mix chosen for this study was the 70% fly ash mix, with 4% gypsum and 10% calcium 
hydroxide as a percentage of the fly ash amount. 
Figure 4.15 -Six cubic foot drum mixer 
Table 4.18 - Test matrix for cylinder compression tests 
Cementitious Materials (%) 
Specimen Set wlcm Fly Ash Cement Gypsum CH 
Control 0.45 0 100 4 10 
HVFA (50%) 0.40 50 50 4 10 
HVFA (60%) 0.40 60 40 4 10 
HVFA (70%) 0.40 70 30 4 10 
HVFA (75%) 0.40 75 25 4 10 
Table 4.19 - Test results from cylinder compression tests 
Compressive Strength (psi) 
Specimen Set w/c Day 1 Day 3 Day 7 Day 28 
Control 0.45 3,090 4,540 5,180 6,190 
HVFA (50%) 0.40 1,190 2,460 3,980 5,360 
HVFA (60%) 0.40 1,240 2,670 3,990 5,480 
HVFA (70%) 0.40 1,120 1,850 2,880 4,430 
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4.7. FINAL MIX DESIGN AND MIXING DETAILS 
Concrete for this study was provided by a ready mix plant, Rolla Ready Mix, in 
order to emulate field construction practices. The mix design provided to Rolla Ready 
Mix was decided upon based on the results described in Sections 4.4 and 4.6, only 
hatched at a higher quantity, but using the same constituent proportions. The control mix 
was a 100% Portland cement mix that was completely hatched at the ready mix plant. 
The high-volume fly ash concrete mix featured a 70% replacement of cement with fly 
ash. The quantities used for each pour are shown in Tables 4.16 and 4.17 with only a 
difference in the amount of water that was adjusted based on the moisture content and 
percentage of absorption measured in both fine and coarse aggregates. While the fly ash 
was added at the ready mix plant, the required amounts of gypsum and calcium 
hydroxide, as per Section 4.4, were added directly to the truck upon arrival to the lab. 
Once mixed thoroughly for a minimum of 5 minutes at high speed, the concrete 
placement commenced. During each placement, slump tests were performed to ensure the 
workability of the concrete. A 4-inch slump was the typical target value. Also, as a part 
of the concrete placement, cylinders were cast in order to test the compressive strength at 
28 days and on the day of testing of the full-scale specimens. Figure 4.17 presents a 
summary of images showing the construction process followed during each casting. 
Two additional tests on the plastic state of the concrete were performed during 
each placement, density and air content. The density of both the conventional and the 
HVF A concrete was determined throughout testing and performed in accordance with 
ASTM C138 [2010] "Standard Test Method for Density (Unit Weight), Yield, and Air 
Content (Gravimetric) of Concrete". Concrete was placed in the base of the pressure 
meter pot used for determining the air content of the concrete. Concrete was placed in 
three equal lifts with each lift rodded 25 times. The weight of the pot and concrete was 
measured, and the weight of the concrete was then determined by deducting the weight of 
the empty pot. The weight of the concrete was divided by the known volume of the pot to 
determine the density of the concrete. The density of the conventional concrete typically 
measured approximately 150 lb/ft3, while that of the HVFA concrete was slightly lower 
with a value of 145 lb/ft3• There were slight variations from batch to batch, but there was 
not a significant difference between the conventional concrete and the HVF A concrete. 
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(a) Adding gypsum (b) Adding calcium hydroxide 
(c) Concrete placement 
Figure 4.17- HYFA concrete procedures 
The air content of the concrete was determined for both concrete mixes m 
accordance with ASTM C231 [2010] "Standard Test Method for Air Content of Freshly 
Mixed Concrete by the Pressure Method". A Type B pressure meter was used to find the 
air content of the concrete. Concrete was placed in three layers, similar to performing the 
density test, with each layer rodded 25 times. The concrete was struck off and the rim of 
the bowl was cleaned to ensure a good eal between the bowl and the lid of the meter. 
After the lid wa clamped to the bowl, water was inserted into one petcock valve until it 
flowed out the petcock valve on the oppo ite ide. Air was pumped into the chamber until 
the appropriate initial pressure wa obtained, then the petcock valves were closed. The 
pressure was then released by opening the valve into the bowl and a reading was taken 
using the gauge on the meter. To find the air content of the concrete, the aggregate 
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correction factor was subtracted from the measurement taken off of the gauge. During the 
mix design process, the entrapped air content was estimated as 2% for both types of 
concrete. The air content measured approximately 1.5% for both mixes, which satisfied 
the initial assumption during the mix design process. Images of the unit weight and air 
content tests being performed are shown in Figure 4.18. 
(a) Density (b) Air content 
Figure 4. 18 - Density and air content tests 
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5. EXPERIMENTAL PROGRAM 
5.1. GENERAL 
The objective of this study was to investigate the shear performance of reinforced 
concrete (RC) beams composed of high-volume fly ash (HVFA) concrete. The 
experimental program consisted of 36 tests performed on full-scale RC beams. The 
principal parameters investigated were: (1) concrete type (HVFA or conventional 
concrete), (2) amount of shear reinforcement, and (3) amount of longitudinal (flexural) 
reinforcement. For shear performance testing, seven groups of specimens with different 
amounts of longitudinal reinforcement were tested to evaluate the contributions from the 
concrete and shear reinforcement (stirrups), four groups consisted of beams without 
stirrups, two groups consisted of beams with stirrups spaced at 7 in., and one group 
consisted of beams with stirrups spaced at 5 in. Every group included two to three control 
specimens (conventional concrete) and two to three specimens cast with HVFA concrete. 
Also, as part of this study, small scale testing was performed to determine hardened 
concrete properties such as compressive strength, splitting tensile strength, flexural 
strength, modulus of elasticity, and fracture energy. 
5.2. TEST BEAMS 
The reinforcement of the beams was designed in accordance with ACI 318-08. 
For the shear specimens with stirrups, the transverse reinforcement was designed to 
ensure shear failure prior to flexural failure. The length of each beam was 14 ft., the 
height was 18 in, and the width was 12 in. The cross section was defined to maintain a 
slender beam with a shear span-to-depth ratio larger than 3.0 avoiding the deep beam 
effect. Each beam had two test regions, with each region measuring approximately 4 feet 
in length. Longitudinal reinforcement varied from group to group as presented in Table 
5.1. The stirrups in the test region were #3 bars, and the center-to-center spacing was 
either 5 in. or 7 in., depending on the specimen. Additional stirrups at 7 in. spacing were 
provided in the middle region of the beams and at 2 in. spacing on both ends where the 
beam was supported to prevent failure in these regions. Table 5.2 summarizes the test 
matrix used in this study. The denomination of the specimens indicates the concrete type 
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(HVFA for high-volume fly ash concrete or CC for conventional concrete), the amount of 
longitudinal reinforcement (as specified in Table 5.1 ), and the st irrup spacing in inches 
(NS for no stirrups, 5 for 5 in. spacing, and 7 for 7 in. spacing). The final cross sect ions 
for these specimens are shown in Figures 5. 1 to 5.4. 
As shown in Table 5.2, 18 shear specimens without stirrup with different flexural 
reinforcement amount were tested to ob erve the shear behavior of both the conventional 
concrete and HVFA concrete. Figure 5.5 shows the steel layout for these specimens. The 
7 in. stirrup spacing was based on the maximum stirrup spacing specified in ACl 3 18-08, 
and the longitudinal reinforcement was selected to ensure shear failu re prior to flexural 
failure. Figure 5.6 shows the steel layout for these specimens. 
Table 5.1 -Longitudinal reinforcement nomenclature 
Tension Tension Compression Nomenclature PL(o/o) reinforcement a;d 
reinforcement reinforcement 
state 
Rl 5 #7 1.59 Under-reinforced 4#4 3.06 
R2 6#7 2.03 Under-reinforced 4#4 3.25 
R3 8#7 2.71 Under-reinforced 4#4 3.25 
R4 l0#8 4.50 Over-reinforced 5 #4 3.28 
5.3. MATERIALS 
5.3.1. Concrete. The concrete used in this study was a ready-mix concrete with a 
28-day target strength of 5,000 psi. The material was delivered to the Highbay Structures 
Laboratory by a local supplier. The same concrete mix was used for all the beams with a 
maximum aggregate size of % in. More details about the concrete mix can be found in 
Chapter 4 of this document. During each casting, standard cylinders (4 in. in diameter 
and 8 in. in height) were collected to monitor the concrete strength of the beams, in 
accordance with ASTM C39 [20 II ]. Table 5.3 reports compressive concrete strength at 
the time of testing of the beams. These results are the average of three replicate 
specimens. 
5.3.2. Steel reinforcement. Shear reinforcement for the test specimens consisted 
of A615, Grade 60 #3 reinforcing bars. Longitudinal reinforcement for the test specimen 
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consisted of A615, Grade 60 #4, #7, and #8 reinforcing bars. All the steeJ reinforcement 
was tested in accordance with ASTM A370 [2011 ] "Standard Test Methods and 
Definitions for Mechanical Testing of Steel Products" to obtain the mechanical 
properties, which are summarized in Table 5.4. These results are the average of three 
replicate specimens. A typical specimen undergoing testing is shown in Figure 5.8. 
Table 5.2 - Test matrix 
Specimens Type of Stirrup spacing PL(%) 
concrete 
CC - RJ -NS- J Conventional No stirrups 1.59 CC-RJ -NS -2 Group I HVFA - R l - NS - L 
HVFA - Rl - NS - 2 HVFA No stirrups 1.59 
CC - R2-NS- L Conventional No stirrups 2.03 CC - R2-NS - 2 Group 2 HVFA - R2-NS- 1 
HVFA - R2- NS - 2 HVFA No stirrups 2.03 
CC-R3 -NS - l Conventional No stirrups 2.7 1 CC- R3-NS -2 Group 3 HVFA- R3-NS-J 
HVFA - R3 - NS - 2 HVFA No stirrups 2.7 1 
CC - R4 -NS- l 
CC - R4 - NS -2 Conventional No stirrups 4.50 
Group 4 CC - R4- NS-3 HVFA-R4 - NS - 1 
HVFA - R4- NS - 2 HVFA No stirrups 4.50 
HVFA- R4 - NS - 3 
CC - R3 -7- 1 
CC-R3 -7-2 Conventional 7 in . 2.7 1 
Group 5 CC - R3- 7 - 3 HVFA - R3 - 7 - I 
HVFA - R3 -7-2 HVFA 7 in. 2.71 
HVFA - R3 - 7 - 3 
CC-R4-7- 1 
CC-R4-7 -2 Conventional 7 in . 4.50 
Group 6 CC-R4-7 -3 HVFA-R4-7-l 
HVFA - R4 -7-2 HVFA 7 in. 4.50 
HVF A - R4 - 7 - 3 
CC-R4-5- I 
CC-R4-5-2 Conventional 5 in . 4.50 
Group 7 CC-R4-5 -3 HVFA - R4 -5- I 
HVFA - R4 -5 -2 HVFA 5 in. 4.50 
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Figure 5. 1 - Cross section for Group I 
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Figure 5.3 - Cross section for Groups 3 and 5 
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Figure 5.4 - Cross section for Groups 4, 6, and 7 
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Figure 5.5 - Reinforcement details for Groups 1 to 4 
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Table 5.3- Compressive strength and age at time of testing 
Specimen Compressive strenRth (psi) ARe (days) 
CC-R1-NS-I 5,010 14 
CC -R1 - NS -2 4,640 14 
HVFA- R1- NS- 1 3,190 28 
HVFA - RI - NS - 2 3,130 28 
CC-R2-NS-1 5,010 14 
CC -R2-NS -2 4,640 14 
HVFA - R2 - NS - 1 3,190 28 
HVFA-R2 -NS -2 3,130 28 
CC-R3-NS-I 5,010 14 
CC-R3-NS-2 4,640 14 
HVFA - R3 -NS- 1 3,190 28 
HVFA- R3 - NS- 2 3,130 28 
CC-R4-NS-I 
CC-R4-NS-2 7,320 49 
CC-R4-NS-3 
HVFA-R4 -NS - 1 
HVFA - R4 - NS -2 4,200 33 
HVFA- R4- NS- 3 
CC -R3 -7-1 
CC- R3 -7 -2 5,020 19 
CC-R3 -7-3 
HVF A - R3 - 7 - l 
HVFA - R3 - 7 - 2 3,540 35 
HVFA - R3 - 7 - 3 
CC-R4-7-I 
CC- R4-7 -2 7,2 10 49 
CC- R4-7 -3 
HVFA - R4- 7- 1 
HVFA- R4-7- 2 2,640 34 
HVFA-R4-7- 3 
CC- R4-5- I 
CC- R4 - 5-2 5,600 34 
CC- R4-5 -3 
HVFA - R4- 5 - 1 
HVFA-R4- 5-2 4,710 34 
HVFA - R4 - 5 - 3 
5.4. BEAM FABRICATION 
All the test beams were fabricated in the Highbay Structures Laboratory at 
Missouri S&T. Steel formwork was used to cast the beams. The steel cage was assembled 
from reinforcement that was bent in the laboratory to the desired geometry. Due to the 
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djmension of the beams, it was possible to cast three beams at a time. After casting, the 
top surface of the beams was covered with burlap and plastic sheeting, and a wet surface 
was maintained for three days to retain moisture for proper curing. Cylinders were cured 
in the same environment as the test beams by placing them next to the beams. The 
sheeting and burlap were then removed, and the beams were allowed to air cure in the lab 
environment. Photographs showing the steel cages and the construction process are 
shown in Figures 5.9 and 5.10. 
Table 5.4- MechankaJ properties of steel reinforcement 
Bar size 
#3 (Groups 1, 2, 3, and 5) 
#3 (Groups 4, 6, and 7) 
#4 (Groups 1, 2, 3, and 5) 
#4 (Groups 4, 6, and 7) 
#7 
#8 








MUST BE WORN 
IN THIS AREA 
Figure 5.8- Tensile strength test performed on steel reinforcing bars 
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(b) Beams with sti rrups @ 7 in. (c) Beams with stinups @ 5 in. 
Figure 5.9- Steel cage assembly 
5.5. TEST SET-UP 
All the specimens were tested as simply supported and subjected to a four-point 
loading. The maximum compression capacity of the actuators available in the Highbay 
Structures Laboratory, when working individually, was insufficient to cause specimen 
failure. Therefore, the test set-up required the simultaneous action of two actuators as 
shown in Figure 5.11. 
Two actuators, each with a 140-kip compressive capacity, were used to apply load 
to the beam specimens, as shown in Figure 5.12. The actuators applied load by pushing 
the steel beam downward to distribute the load onto two points of the test specimen. The 
loading frame assembly was designed to withstand at least two times the anticipated 
maximum load applied to fail the beams. Each test was performed under displacement 
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control, and the load was applied in a series of loading steps of 0.05 in., which 
corresponded to a load of approximately 8 kips, until failure. Electronic measurements of 
strain and deformation were recorded throughout the entire loading history of the 
specimens, while hand measurements of strain and crack pattern formations were taken at 
the end of each load step while the load was paused. Measurement devices are described 
in detail in Section 5.6. Each beam consisted of two test regions. The total beam length 
was 14ft, with a simply supported span Length of 12ft. The load was applied at 4ft from 
each support, representing a shear span-to-depth ratio between 3.00 and 3.30 depending 
on the specimen, as measured from center of support to center of load. Figure 5.13 shows 
a photograph of the test set-up. 
(a) Formwork 
I 
(c) Concrete consolidation 
(b) Concrete placement 
(d) Concrete finishing 
Figure 5.10- Beam construction process 
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The specimens were instrumented with several measurement devices in order to 
monitor global and local deformations and strains. The load was directly measured from 
the load cell of the actuators. AJl devices were connected to a data acquisition system 
capable of reading up to 120 channels and all the data was recorded as shown in Figure 
5.14. 
Figure 5.13- Test set-up 
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5.6.1. Local deformations and strains. Electric resistance gauges were used to 
monitor local strains in the stirrups of the test region. The strain gauges were purchased 
from Vishay Precision Group. They were made of constantan foil with 120 ohm 
resistance and had a linear pattern (uniaxial) with a gauge length of 1.4 in. Two strain 
gauges were installed on each stirrup in the test region as shown in Figure 5.15. The 
strain values obtained from the strain gauges are localized measurements at the point 
where the gauge is installed. The location of the strain gauges in the transverse 
reinforcement was chosen to account for the unpredictability of the crack formation. The 
strain gage pattern was designed to better capture measurements along the cracks. The 
location of strain gauges on stirrups for each group is shown in Figure 5.16. In groups 4 
to 7, two of the three specimens in each subgroup were instrumented with strain gauges 
on the stirrups. No strain gauges were installed on the stirrups in groups 1 to 3. 
In addition, strain gauges were placed at various locations along the longitudinal 
tension and compression reinforcement so that the strain distribution diagrams could be 
constructed along the height of the cross section at various locations. The first one was 
located at the midpoint of the test region, while the second was located at mid-span. The 
location of the strain gauges on the longitudinal reinforcement is shown in Figure 5.17. 
5.6.2. Global deformations. One Linear Variable Displacement Transducer 
(L VDT) was used to monitor vertical deflection of the test specimen. The L VDT was 
located at the midpoint of the test specimen, 3 in. from the top of the beam as shown in 
Figures 5.18 and 5.19. 
Global strains in the web of the shear spec1mens were also measured using 
demountable mechanical strain (Demec) gauges attached to the concrete with epoxy-
based bonding material. The horizontal alignment of the Demec gauge rosettes 
corresponded to the beginning, midpoint, and end of the test region, and the vertical 
alignment corresponded to the mid-height of the web. Figure 5.20 shows the placement 
of the Demec points. This gauges formed a 45 degrees rosette as shown in Figure 5.21. 
Figure 5.22 is a photograph of the Demec gauges attached to a specimen. 
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Figure 5. 18- Location of LVDT to measure deflection 
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Figure 5.20 - Demec gauge rosette and nomenclature 
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Figure 5.22 - Demec gauge points 
5.7. HARDENED CONCRETE PROPERTIES 
Testing and evaluation of the hardened concrete properties of both the high-
volume fly ash (HVF A) and the conventional concrete mixes were performed in 
accordance with the applicable ASTM standards. The tests conducted included: 
compressive strength , splitting tensile strength, flexural strength, modulus of elasticity, 
and fracture energy. Specimens were constructed and tested within the parameters of the 
standards associated with each of the tests conducted. The companion cylinder specimens 
and the concrete beams for the modulus of rupture test were constructed from the same 
batch of concrete used for the fu ll-scale specimens. 
5.7.1. Compressive strength. U ing ASTM C39 [2011] as a guideline, concrete 
cylinders were cast to evaluate the compressive strengths for each of the concrete mixes. 
The test cons isted of subjecting the concrete cylinders to a uniform compressive load at 
the ends of the cylinders as designated by the ASTM tandard. Each specimen was 4 in. 
in diameter and 8 in. in length. The specimens were tested with an average compressive 
load of 525 lb/sec. For the HYFA concrete mix, there were 18 cylinders constructed in 
order to obtain compress ive strength data at I, 3, 7, 28, 56, and in some cases 91 days. 
All specimens were cast in plastic cylinder molds with caps. The specimens were then 
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stripped from the pla, tic molds, marked and stored nex t to the full-sca le beams until their 
intended test date. Prior to testing, each cylinder was capped in accordance with ASTM 
C617 [2009] "Standard Practice for Capping Cylindrica l Concrete Specimens". The I , 3, 
7, 28, 56, and 91-day strengths were determined through testing three replicate cylinder.. 
A typical specimen being tested for compressive strength i shown in Figure 5.23. 
5.7.2. Splitting tensile strength. Using ASTM C496 [2004] ' 'S tandard Test 
M ethod for Splitting Tensile Strength of Cylindrical Concrete Specimens" a. a guideline, 
concrete cylinders were constructed to evaluate the tensi le stress for each of the concrete 
mixes. The test consi ted of subjecting the concrete cylinders to a uniform compressive 
load al ong the l ongitudinal axis as de ignated by the ASTM tandard. Each specimen was 
6 in. in diameter and 12 in. in length. All . pecimens were cao;t in plastic cyl inder molds 
and covered with plast ic sheeting. The specimens were then stripped from the plastic 
molds, marked and stored next to the full -scale beam until their intended test date. There 
were three cylinders constructed for each one of the concrete mixes. The specimens were 
tested at 28 day. with an average load of 250 lb/sec and the test set up is shown in Figure 
5.24. 
Figure 5.23 - Compressive strength test performed on concrete specimen 
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5.7.3. Flexural strength. ASTM C78 [2009] "Standard Test Method for Flexural 
Strength of Concrete (Using Simple Beam with Third-Point Loading)" was used as a 
guideline to evaluate the flexural strength of simply-supported concrete beams, also 
referred to as the modulus of rupture (MOR). The test consisted of subjecting the 
concrete simple beams to a third-point loading as designated by the ASTM standard. 
Each specimen was 6 in. x 6 in. x 24 in. Three rectangular beams were constructed for 
each of the concrete mixes. All specimens were cast in steel beam molds and covered 
with burlap and plastic sheeting. The specimens were then removed from the steel molds 
and stored next to the fu ll-scale beams until their intended test date. Testing was 
performed at 28 days and the test set up is shown in Figure 5.25. 
Figure 5.24- Splitting tensile test performed on concrete specimen 
5.7.4. Modulus of elasticity. Concrete cylinders were constructed to evaluate the 
modulus of elasticity of both the HYF A and conventional concrete mix. ASTM C469 
[2002] "Standard Test Method for Static Modulus of Elasticity and Poisson's Ratio of 
Concrete in Compression" was used as a guideline to evaluate the modulus of elasticity. 
The test consisted of subjecting the concrete cylinders to a uniform compressive load at 
the ends of the cylinders as designated by the ASTM standard. Each specimen was 6 in. 
1 19 
in diameter and 12 in. in length. There were three cylinders constructed for each concrete 
mix. All specimens were cast in plastic cylinder molds and covered with plastic sheeting. 
The specimens were then stripped from the plastic molds, marked and stored until their 
intended test date. The modulus of elasticity testing was performed at 28 days. Prior to 
testing, each cylinder was capped in accordance with ASTM C617 [2009]. A specimen in 
the test set up is shown in Figure 5.26. 
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(a) Set-up (b) Failure 
Figure 5.25- Flexural strength test performed on concrete specimen 
Figure 5.26- Modulus of elasticity test performed on concrete specimen 
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5.8. FRACTURE ENERGY 
Three-point bend tests for geometrically similar notched specimens with three 
different notch sizes were used in order to determine the fracture energy of both the 
conventional and the high-volume fly ash concrete mixes. All specimens had the same 
depth (d), height, and length (6 in. x 6 in. x 24 in., respectively) but different notch 
depths (a0 ) as shown in Figure 5.27. The geometry of the specimens used in this study is 
the same described in ASTM C78 [2009], and this choice was influenced by the desire to 
use the existing test set-up for the flexural beam specimens. The specimens had notch 
depths of 1 in, 1.50 in., and 2 in. with the same thickness oflA in., which represents ao / d 
ratios of 0.17, 0.25, and 0.33, respectively. To form the notch at mid-span, one of the 
available standards for this type of test, RILEM (1990), recommends saw-cutting, but 
casting is also allowed. Casting was chosen because of the potential risk of premature 
cracking during saw-cutting and handling. All specimens were cast in wooden forms as 
shown in Figure 5.28 with a metallic plate to form a cast-in-place notch. There were at 
least four specimens for each notch depth for both the conventional and the HVFA 
concrete mixes. The test matrix for these specimens in presented in Table 5.5. 
All tests were performed using a 110,000 lb-capacity MTS 880 machine. Figure 
5.29 presents the test set-up. In accordance with the testing protocol, self-weight 
compensation was provided through lever arms as shown in Figure 5.30. One direct 
current voltage transducer (DCVT) was used to measure the point load deflection (PLD). 
Two aluminum plates were used to attach a clip-on gauge to measure the crack mouth 
opening displacement (CMOD). The specifications of the clip-on gauge were as follows: 
gauge length 0.20 in., total travel (range) 0.50 in., maximum nonlinearity of 0.15% of the 
full range, and standard temperature range of -40°F to 210°F. During the test, PLD and 
CMOD displacements were continuously recorded using a data acquisition system as 
shown in Figure 5.14. 
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Figure 5.27 - Geometry of specimens for fracture energy testing 
Figure 5.28 - Formwork for fracture energy specimens 
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Table 5.5 - Test matrix for fracture energy specimens 
Specimens Notch depth ao;d Type of concrete (in.) 
HVFA-FE-1-1 
HVFA-FE-1 -2 




HVFA-FE- J .5-3 
HVFA-FE-1.5-4 
1.50 0.25 HVFA-FE-1.5-5 













CC-FE-1-3 1.00 0.17 
CC-FE-1-4 
CC-FE-1.5-1 




CC-FE-2-3 2.00 0.33 
CC-FE-2-4 
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Figure 5.30- Test set-up details for fracture energy testing 
5.9. SUMMARY 
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Thirty s ix tests were performed on full-scale RC beams. All the materials used in 
the fabrication of the beams were tested to obtain their mechanical properties. Seven 
different groups of specimens with different stirrups spacing (no stirrups, 7 in. , and 5 in.) 
and different flexural reinforcement were considered to investigate the shear behavior of 
HVFA concrete compared to conventional concrete. Each group includes two to three 
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control specimens (conventional concrete) and two to three specimens made of HVFA 
concrete. All specimens were tested as simply supported members subjected to a four-
point loading. The test beams were instrumented with strain gauges on both longitudinal 
and transverse steel reinforcement to monitor local deformations and strains. Global 
strains and deformations in the web of the test regions were monitored through Demec 
gauge rosettes. Small scale testing was performed to determine the hardened properties of 
the concrete mixes used in this study. The tests included compressive strength, splitting 
tensile strength, flexural strength, and modulus of elasticity. Thirty two tests were 
performed on small scale beams to determine the fracture energy of both the conventional 
and HVF A concrete mixes. A clip-on gauge and an L VDT were used to measure the PLD 
and CMOD, respectively, during the test. 
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6. TEST RESULTS 
6.1. GENERAL 
The purpose of this study was to verify the effectiveness of a HVFA concrete mix 
on the shear behavior of full-scale reinforced concrete (RC) beams, which has not been 
fully investigated in previous research studies. The objectives of this section are to: (1) 
discuss the overall behavior of the specimens, (2) discuss the crack distribution, (3) 
quantify the shear contribution of concrete and transverse reinforcement, ( 4) quantify the 
principal strains, and (5) quantify the fracture energy ofthe different concretes. 
The overall behavior of the specimens is analyzed first, with a focus on crack 
patterns, failure modes, and shear strength. Next, the shear contributions of each 
component are quantified and discussed using the measured strains in the stirrups. This 
evaluation was only performed on the specimens containing stirrups within the test 
region. The strain values for the transverse reinforcement are very dependent on the 
location of the strain gauges with respect to the shear cracks. Thus, it is difficult to 
quantify shear resistance mechanisms by observation of the local strains measured in the 
stirrups alone. This discussion, therefore, does not address the strain variations of each 
stirrup. Rather, this study investigated shear resistance mechanisms by quantifying the 
shear forces carried by each component using a free body diagram of the section. This 
approach delivers clear understanding of shear resistance mechanisms. Principal strains 
in the test regions were also calculated using the Demec gauge readings measured during 
the test of each specimen. The compressive principal strains were compared to softened 
compressive strain limits proposed by previous researchers to determine if HVF A 
concrete specimens present different behavior and failure modes than conventional 
concrete specimens. This chapter also presents the results of fracture mechanics testing 
performed on small scale components made of both conventional and HVF A concrete 
mixes. These results were used to calculate the fracture energy, which is one of the main 
parameters used to determine the shear resistance of concrete specimens using a fracture 
mechanics approach. Also included at the end of this chapter are the results of material 
property tests of both the conventional and HVFA concrete mixes. 
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6.2. OVERALL BEHAVIOR OF FULL-SCALE SPECIMENS 
Table 6.1 presents a summary of the full-scale specimen test results. The table 
includes compressive concrete strengths at time of testing (f' c), shear force at diagonal 
cracking CI'cr), maximum shear force at failure (Vn,exp), angle of critical shear crack, and 
the failure mode for all specimens, where S and F stand for shear failure and flexural 
failure, respectively. The shear force at diagonal cracking is difficult to determine 
precisely, but the values given represent a distinct change in the behavior of the beams, 
particularly those without stirrups. In particular, the formation of the first diagonal crack 
did not result in immediate failure of the beams without stirrups. The angle of the critical 
shear crack (Be) is also difficult to determine precisely as it is open to interpretation. The 
procedure used to determine this angle consisted of measuring the angle of a portion of 
the critical crack between two reference points, with the points corresponding to right 
after crossing the alignment of the longitudinal reinforcement and before entering the 
compression zone, as shown in Figure 6.1. Appendix A contains the crack angle 
measurements for all of the full-scale beam tests. 
In addition to studying the behavior of the specimens, the crack patterns 
experienced by the beams were also evaluated. It was observed that generally the degree 
of cracking increased as stirrup reinforcement increased. During testing, cracks within the 
test region were marked using a permanent marker after each load step. Typical crack 
pattern progressions are shown in Figures 6.2 and 6.3 for specimens without and with 
transverse reinforcement, respectively. For both cases, cracks typically began on the 
tension face of the beam near the loading points. As the loading progressed, the flexural 
cracks in the shear test region formed inclined flexure-shear cracks. For the specimens 
with transverse reinforcement, it was observed that at failure, the cracks were typically 
spaced approximately the same distance as the stirrups, and failure occurred on one side 
of the beam. For the specimens without transverse reinforcement, the formation of the 
inclined flexure-shear crack did not result in immediate failure, and additional load was 
required prior to failure. In general, the failure crack typically extended from the beam 
support to the loading point on the top side of the beam. Appendix B contains the crack 
patterns for all of the full-scale beam tests. Appendix C contains additional photographs 
at diagonal cracking and failure for all of the full-scale beam tests. 
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Table 6. 1 -Experimental re ults 
Compressi,•e Shear force (kips) A11gle of Failure Group Specimen stre11gth at time Diagonal Failure2 critical mode 
of testi11g (psi) cracki11g 1 crack (0 ) 
CC - RI - NS - 1 5,010 28.0 29.69 35 s 
Group I CC - RI -NS -2 4,640 27.0 29. 16 29 s HYFA- RI -NS- 1 3, 190 25.0 26.96 28 s 
HVFA- RI - NS-2 3, 130 2 1.5 23.87 34 s 
CC- R2 - NS- I 5,0 10 29.5 37.23 26 s 
Group 2 CC- R2-NS - 2 4,640 28.5 30.46 30 s HYFA - R2- NS - I 3, 190 26.0 27.69 29 s 
HYFA - R2- NS - 2 3, 130 25.0 25.36 33 s 
CC- R3 - NS - 1 5,0 10 30.5 47.47 27 s 
Group 3 CC - R3- NS -2 4,640 31.0 31.1 0 29 s HVFA - R3- NS - I 3, 190 3 1.0 36.47 3 1 s 
HVFA - R3 - NS - 2 3, 130 27.0 34.66 24 s 
CC - R4 - NS - I 44.0 68.6 1 29 s 
CC - R4 - NS -2 7.320 43.5 45.80 29 s 
Group4 CC - R4 - NS-3 32.5 49.04 3 1 s HVFA - R4 - NS- I 23.0 26. 14 40 s 
HVFA - R4- NS-2 4,200 27.5 50.76 40 s 
HYFA - R4- NS- 3 28.0 42.97 36 s 
CC - R3 -7- I 43 .0 75.02 33 s 
CC - R3-7 -2 5,020 40.0 80.80 34 s 
Group 5 CC - R3 -7-3 40.0 77.37 29 s HYFA- R3-7- I 26.5 65.09 38 s 
HVFA- R3 -7-2 3,540 30.0 7 1.9 1 32 s 
HVFA - R3 - 7 - 3 30.0 72.85 23 s 
CC- R4 - 7 - I 56.0 9 1.68 33 s 
CC- R4 - 7 -2 7.2 10 48.0 97.62 35 s 
Group 6 CC - R4 - 7 -3 47.5 97.87 33 s HYFA - R4- 7 - 1 28.0 60.60 37 s 
HVFA - R4 - 7 -2 2,640 30.0 72.06 27 s 
HVFA - R4 - 7 - 3 28.0 65.36 32 s 
CC - R4 - 5 - I 45.0 108.45 3 1 F 
CC - R4 - 5 -2 5,600 45.0 10 1.8 1 27 F 
Group 7 CC - R4- 5 - 3 53.0 94.06 32 s HVFA - R4-5- 1 42.5 97.89 30 F 
HVFA - R4-5-2 4,7 10 44.0 9 1.53 26 s 
HVFA- R4- 5-3 4 1.5 8 1.27 28 s 
Notes: 
1. Estimated values. 
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Figure 6.1 -Crack angle measurement 
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Figure 6.3- Crack progression for HVFA-R3-7-2 
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6.2.1. Group 1. All the specimens in this group experienced a shear failure, as 
intended. Figures 6.4 and 6.5 present the relationship between the shear force and the 
deflection at midpoint of the beam for the CC-R1-NS and HVFA-R1-NS subgroups, 
respectively. 
The control specimens displayed linear-elastic behavior up to a shear force of 
approximately 8.1 kips, at which time the specimens experienced flexural cracking and a 
marked decrease in stiffness. After that point, the behavior was substantially linear to 
failure except for a significant shift at 27.1 kips for specimen CC-R1-NS-1 and 26.4 kips 
for specimen CC-R1-NS-2, which corresponded to formation of diagonal cracking and 
significant redistribution of the internal forces. 
The HVFA specimens displayed the same linear-elastic behavior observed in the 
control specimens up to a shear force of approximately 5.1 kips, at which time the 
specimens experienced flexural cracking and a marked decrease in stiffness. After that 
point, the behavior was linear up to failure for specimen HVFA-R1-NS-2. No further 
loading was possible on this specimen and shear failure was experienced at a shear force 
of 23.9 kips, which coincided with the formation of the first diagonal crack. Specimen 
HVFA-R1-NS-1 exhibited the same shift observed in the control specimens at a shear 
force of 25.2 kips. Additional load was applied, and the beam failed at a shear force of 
27.0 kips, which was only 1.8 kips above the load at diagonal cracking. 
As described above, all the specimens presented flexural cracking in the test 
region prior to the initiation of shear cracking in the web. The diagonal crack started as a 
flexural crack that propagated vertically until reaching the alignment of the flexural 
reinforcement. At this point, the crack changed inclination and started developing at an 
angle that varied between specimens with ranges of approximately 24 to 28 degrees for 
the specimens in the CC-R1-NS subgroup, and 21 to 28 degrees for the specimens in the 
HVFA-R1-NS subgroup. After entering the compression zone, the crack changed 
inclination again and presented a flatter angle until it reached the loading point. Shear 
failure occurred when this diagonal crack reached the loading point as shown in Figure 
6.6. 
6.2.2. Group 2. All the specimens in this group experienced a shear failure, as 
intended. Figures 6.7 and 6.8 present the relationship between the shear force and the 
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deflection at midpoint of the beam for the CC-R2-NS and HVFA-R2-NS subgroups, 
res pecti vel y. 
The control specimens displayed linear-elastic behavior up to a shear force of 
approximately 9.2 kips, at which time the specimens experienced flexural cracking and a 
marked decrease in stiffness. After that point, the behavior was substantially linear to 
failure. 
The HVF A specimens displayed the same linear-elastic behavior observed in the 
previous group up to a shear force of approximately 10.5 kips for specimen HVFA-R2-
NS-1 and 7.5 kips for specimen HVFA-R2-NS-2, at which time the specimens 
experienced flexural cracking and a marked decrease in stiffness. After that point, the 
behavior was linear up to failure for both specimens. Diagonal cracking was experienced 
approximately 1 kip before failure. Shear failure was experienced at a shear force of 27.7 
kips for specimen HVFA-R2-NS-1 and 25.4 for specimen HVFA-R2-NS-2. 
As described above, all the specimens presented flexural cracking in the test 
region prior to the initiation of shear cracking in the web. The diagonal crack started as a 
flexural crack that propagated vertically until reaching the alignment of the flexural 
reinforcement. At this point, the crack changed inclination and started developing at an 
angle that varied between specimens with ranges of approximately 27 to 30 degrees for 
the specimens in the CC-R2-NS subgroup, and 28 to 34 degrees for the specimens in the 
HVFA-R2-NS subgroup. After entering the compression zone, the crack changed 
inclination again and presented a flatter angle until it reached the loading point. Shear 
failure occurred when this diagonal crack reached the loading point as shown in Figure 
6.9. 
6.2.3. Group 3. All the specimens in this group experienced a shear failure, as 
intended. Figures 6.10 and 6.11 present the relationship between the shear force and the 
deflection at midpoint of the beam for the CC-R3-NS and HVFA-R3-NS subgroups, 
respectively. 
The control specimen CC-R3-NS-1 displayed linear-elastic behavior up to a shear 
force of approximately 13.3 kips, at which time the specimen experienced flexural 
cracking and a marked decrease in stiffness. After that point, the behavior was 
substantially linear to failure except for a significant shift at 38.0 kips, which 
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corresponded to formation of diagonal cracking and significant redistribution of the 
internal forces. Specimen CC-R3-NS-2 displayed linear-elastic behavior with a constant 
slope up to failure, presenting a marked low stiffness at the initial portion of the curve 
due to possible shrinkage cracking at the tension face of the beam. The specimen CC-R3-
NS-2 experienced a shear failure at a shear force of approximately 31.1 kips. 
The HVFA specimen HVFA-R3-NS-1 displayed linear-elastic behavior with a 
constant slope up to failure, presenting also a marked low stiffness at the initial portion of 
the curve accompanied of a significant shift at 31.1 kips, which corresponded to 
formation of diagonal cracking and significant redistribution of the internal forces. 
Specimen HVFA-R3-NS-2 displayed the same linear-elastic behavior observed in the 
control specimen CC-R3-NS-1 up to a shear force of approximately 12.8 kips, at which 
time the specimen experienced flexural cracking and a marked decrease in stiffness. After 
that point, the behavior was substantially linear to failure except for a significant shift at 
31.5 kips, which corresponded to formation of diagonal cracking and significant 
redistribution of the internal forces. 
As described above, all the specimens presented flexural cracking in the test 
region prior to the initiation of shear cracking in the web. The diagonal crack started as a 
flexural crack that propagated vertically until reaching the alignment of the flexural 
reinforcement. At this point, the crack changed inclination and started developing at an 
angle that varied between specimens with ranges of approximately 26 to 29 degrees for 
the specimens in the CC-R3-NS subgroup, and 17 to 23 degrees for the specimens in the 
HVFA-R3-NS subgroup. After entering the compression zone, the crack changed 
inclination again and presented a flatter angle until it reached the loading point. Shear 
failure occurred when this diagonal crack reached the loading point as shown in Figure 
6.12. 
6.2.4. Group 4. All the specimens in this group experienced a shear failure, as 
intended. Figures 6.13 and 6.14 present the relationship between the shear force and the 
deflection at midpoint of the beam for the CC-R4-NS and HVFA-R4-NS subgroups, 
respectively. 
The control specimen CC-R4-NS-1 displayed linear-elastic behavior with a 
constant slope up to failure, presenting a marked low stiffness at the initial portion of the 
133 
curve due to possible shrinkage cracking at the tension face of the beam. The specimen 
CC-R4-NS-1 experienced a shear failure at a shear force of approximately 68.6 kips. 
Specimen CC-R4-NS-2 displayed linear-elastic behavior with a constant slope up to 
failure, presenting also a marked low stiffness at the initial portion of the curve 
accompanied of two shifts, the first one at a shear force of approximately 40.4 kips, and a 
second one, which was more significant, at a shear force of 44.1 kips, which 
corresponded to formation of diagonal cracking and significant redistribution of the 
internal forces. Specimen CC-R4-NS-3 displayed a linear-elastic behavior up to a shear 
force of approximately 8.1 kips, at which time the specimen experienced flexural 
cracking and a marked decrease in stiffness. After that point, the behavior was 
substantially linear to failure except for two shifts, the first one at a shear force of 
approximately 34.9 kips, and a second one, which was more significant, at a shear force 
of 41.5 kips, which corresponded to formation of diagonal cracking and significant 
redistribution of the internal forces. 
The HVFA specimen HVFA-R4-NS-1 displayed a linear-elastic behavior up to a 
shear force of approximately 9.0 kips, at which time the specimen experienced flexural 
cracking and a marked decrease in stiffness. After that point, the behavior was 
substantially linear to failure except for two shifts, the first one at a shear force of 
approximately 23.1 kips, and a second one, which was more significant, at a shear force 
of 26.1 kips, which corresponded to formation of diagonal cracking and significant 
redistribution of the internal forces. Specimens HVFA-R4-NS-2 displayed a linear-elastic 
behavior up to a shear force of approximately 3.8 kips, at which time the specimen 
experienced flexural cracking and a marked decrease in stiffness. After that point, the 
behavior was linear up to failure. No further loading was possible on this specimen and 
shear failure was experienced at a shear force of 42.9 kips. Specimen HVFA-R4-NS-3 
also displayed linear-elastic behavior up to a shear force of approximately 3.8 kips, at 
which time the specimen experienced flexural cracking and a marked decrease in 
stiffness. After that point, the behavior was substantially linear to failure except for a 
significant shift at 34.4 kips, which corresponded to formation of diagonal cracking and 
significant redistribution of the internal forces. 
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As described above, all the specimens presented flexural cracking in the test 
region prior to the initiation of shear cracking in the web. The diagonal crack started as a 
flexural crack that propagated vertically until reaching the alignment of the flexural 
reinforcement. At this point, the crack changed inclination and started developing at an 
angle that varied between specimens with ranges of approximately 16 to 24 degrees for 
the specimens in the CC-R4-NS subgroup, and 28 to 37 degrees for the specimens in the 
HVFA-R4-NS subgroup. After entering the compression zone, the crack changed 
inclination again and presented a flatter angle untiJ it reached the loading point. Shear 
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Figure 6.5- Shear force versus deflection for HVFA-Rl-NS subgroup 
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Figure 6.9- Fai lure mode for Group 2 
0.10 0.20 0.30 
Denection (in.) 
0.40 
- CC-R3-NS-I - CC-R3-NS-2 
0.50 





















0.00 0.10 0.20 0.30 
Deflection (in.) 
0.40 
- HVF A-R3-NS-I - HVF A-R3-NS-2 
+ 
0.50 
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Figure 6.14- Shear force versus deflection for HVFA-R4-NS subgroup 
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(a) Failure for CC-R4-NS-1 (b) Fai lure for HVFA-R4-NS-1 
Figure 6.15 - Failure mode for Group 4 
6.2.5. Group 5. The specimens in Group 5 were designed according to ACI 318-
08 to meet the requirements of minimum transverse reinforcement. All the specimens in 
thi group experienced a shear failure, as intended. Figures 6.16 and 6.17 present the 
relationship between the shear force and the deflection at midpoint of the beam for the 
CC-R3-7 and HVFA-R3-7 subgroups, respectively. 
The control specimen CC-R3-7 -1 displayed linear-elastic behavior with a constant 
slope up to fai lure, presenting a marked low stiffness at the initial portion of the curve 
due to possible shrinkage cracking at the tension face of the beam. The specimen CC-R3-
7- I experienced a shear fa ilure at a shear force of approx imately 75.0 kips. Specimen 
CC-R3-7 -2 displayed a linear-elastic behavior up to a shear force of approximately 5.6 
kips, at which time the specimen experienced flexural cracking and a marked decrease in 
stiffness. After that point, the behavior was linear up to fai lure. This specimen 
experienced shear failure at a shear force of 80.8 kips. Specimen CC-R3-7-3 displayed a 
linear-elastic behavior up to a shear force of approximately 5.6 kips, at which time the 
specimen experienced flexural cracking and a marked decrease in stiffness. After that 
point , the behav ior was substantially linear to failure except for two shifts, the first one at 
a hear force of approximately 19.4 kip , and a econd one, which was more significant, 
at a shear force of 23.5 kips, which corresponded to format ion of diagonal cracking and 
significant redistribution of the internal forces. The specimen CC-R3-7-3 experienced a 
shear failure at a shear force of approximately 77.4 kips. 
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The HVFA specimens displayed a linear-elastic behavior up to a shear force of 
approximately 8.2 kips, at which time the specimens experienced flexural cracking and a 
marked decrease in stiffness. After that point, the behavior was substantially linear up to 
failure with no shifts. Specimen HVFA-R3-7-1 experienced shear failure at a shear force 
of 65.1 kips. The other two specimens, HVFA-R3-7-2 and HVFA-R3-7-3, failed at 
higher shear forces of 71.9 and 72.9 kip, respectively. 
As described above, all the specimens presented flexural cracking in the test 
region prior to the initiation of shear cracking in the web. The flexural cracks were 
spaced at a distance equal to the stirrup spacing (7 in.), as expected. The diagonal crack 
started as a flexural crack that propagated vertically until reaching the alignment of the 
flexural reinforcement. At this point, the crack changed inclination and started 
developing at an angle that varied between specimens with ranges of approximately 23 to 
34 degrees for the specimens in the CC-R3-7 subgroup, and 23 to 38 degrees for the 
specimens in the HVFA-R3-7 subgroup. After entering the compression zone, the crack 
changed inclination again and presented a flatter angle until it reached the loading point. 
Shear failure occurred when this diagonal crack reached the loading point as shown in 
Figure 6.18. The compression zone of the concrete crushed due to the combination of 
shear and compression forces as shown in Figure 6.19. The shear failure mode was also 
accompanied by yielding of the transverse reinforcement but not of the longitudinal 
reinforcement. It was observed that the degree of cracking increased as the amount of 
stirrups increased. Multiple flexural-shear cracks developed in the test region as opposed 
to the specimens without stirrups where only one diagonal crack developed and led to 
failure. 
6.2.6. Group 6. The specimens in Group 6 were designed according to ACI 318-
08 to meet the requirements of minimum transverse reinforcement. All the specimens in 
this group experienced a shear failure, as intended. Figures 6.20 and 6.21 present the 
relationship between the shear force and ·the deflection at midpoint of the beam for the 
CC-R4-7 and HVFA-R4-7 subgroups, respectively. 
The control specimen CC-R4-7-1 displayed a linear-elastic behavior up to a shear 
force of approximately 3.6 kips, at which time the specimen experienced flexural 
cracking and a marked decrease in stiffness. After that point, the behavior was linear up 
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to failure. This specimen experienced shear failure at a shear force of 91.7 kips. 
Specimen CC-R4-7-2 also displayed a linear-elastic behavior up to a shear force of 
approximately 5.7 kips, at which time the specimen experienced flexural cracking and a 
marked decrease in stiffness. After that point, the behavior was linear up to failure. This 
specimen experienced shear failure at a shear force of 97.6 kips. Specimen CC-R4-7-3 
displayed linear-elastic behavior with a constant slope up to failure, presenting a marked 
low stiffness at the initial portion of the curve due to possible shrinkage cracking at the 
tension face of the beam. The specimen CC-R4-7-3 experienced a shear failure at a shear 
force of approximately 97.9 kips. 
The HVF A specimens displayed a linear-elastic behavior up to a shear force of 
approximately 4.9 kips, at which time the specimens experienced flexural cracking and a 
marked decrease in stiffness. Specimen HVFA-R4-7-1 exhibited substantially linear 
behavior up to failure with no shifts. This specimen experienced shear failure at a shear 
force of approximately 60.6 kips. Specimen HVFA-R4-7-2 also exhibited substantially 
linear behavior up to failure, except for a significant shift at 70.7 kips. Additional load 
was applied, and the beam failed at a shear force of 72.1 kips, which was only 1.4 kips 
above the load at which the shift was observed. Specimen HVFA-R4-7-3 also exhibited 
linear behavior up to failure with no shifts as observed in specimen HVFA-R4-7-l. This 
specimen experienced shear failure at a shear force of approximately 65.4 kips. 
As described above, all the specimens presented flexural cracking in the test 
region prior to the initiation of shear cracking in the web. The flexural cracks were 
spaced at a distance equal to the stirrup spacing (7 in.), as expected. The diagonal crack 
started as a flexural crack that propagated vertically until reaching the alignment of the 
flexural reinforcement. At this point, the crack changed inclination and started 
developing at an angle that varied between specimens with ranges of approximately 19 to 
22 degrees for the specimens in the CC-R4-7 subgroup, and 23 to 25 degrees for the 
specimens in the HVFA-R4-7 subgroup. After entering the compression zone, the crack 
changed inclination again and presented a flatter angle until it reached the loading point. 
Shear failure occurred when this diagonal crack reached the loading point as shown in 
Figure 6.22. The compression zone of the concrete crushed due to the combination of 
shear and compression forces as shown in Figure 6.23. The shear failure mode was also 
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accompanied by yielding of the transverse reinforcement but not of the longitudinal 
reinforcement. It was observed that the degree of cracking increased as the amount of 
stirrups increased. Multiple flexural-shear cracks developed in the test region as opposed 
to the specimens without stirrups where only one diagonal crack developed and led to 
failure. 
6.2.7. Group 7. The specimens of this group were designed and constructed with 
a smaller stirrup spacing than Groups 5 and 6 to increase shear capacity but with the 
objective of still having a shear failure prior to any flexural failure. Even though this 
consideration was accounted for during the design procedure, some specimens exhibited 
flexural failure, usually due to the fact that the actual concrete strength exceeded the 
design concrete strength. The following specimens experienced a flexural failure: CC-
R4-5-1, CC-R4-5-2, and HVFA-R4-5-l. Shear failure was achieved in the remaining 
specimens, as expected. Figures 6.24 and 6.25 present the relationship between the shear 
force and the deflection at midpoint of the beam for the CC-R4-5 and HVFA-R4-5 
subgroups, respectively. 
Figure 6.26 shows some photographs of the flexural failure observed in this 
group. This failure was located at the midpoint of the beam. All the specimens that failed 
in flexure exhibited the same behavior described by crushing of the concrete at the 
compression zone. 
The control specimen CC-R4-5-3 displayed linear-elastic behavior with a constant 
slope up to failure, presenting a marked low stiffness at the initial portion of the curve 
due to possible shrinkage cracking at the tension face of the beam. The specimen CC-R4-
5-3 experienced a shear failure at a shear force of approximately 94.1 kips. 
The HVFA specimens HVFA-R4-5-2 and HVFA-R4-5-3 displayed linear-elastic 
behavior with a constant slope up to failure, presenting a marked low stiffness at the 
initial portion of the curve due to possible shrinkage cracking at the tension face of the 
beam. The specimens HVFA-R4-5-2 and HVFA-R4-5-3 experienced a shear failure at a 
shear force of approximately 91.5 and 81.3 kips, respectively. 
As described above, all the specimens presented flexural cracking in the test 
region prior to the initiation of shear cracking in the web. The flexural cracks were 
spaced at a distance equal to the stirrup spacing (5 in.), as expected. The diagonal crack 
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started as a flexural crack that propagated vertically until reaching the alignment of the 
flexural reinforcement. At this point, the crack changed inclination and started 
developing at an angle that varied between specimens with ranges of approximately 22 to 
29 degrees for the specimens in the CC-R4-5 subgroup, and 20 to 23 degrees for the 
specimens in the HVFA-R4-5 subgroup. After entering the compression zone, the crack 
changed inclination again and presented a flatter angle until it reached the loading point. 
For the specimens that experienced shear fa ilure, it occurred when this diagonal crack 
reached the loading point as shown in Figure 6.27. The compress ion zone of the concrete 
crushed due to the combination of shear and compression forces. The shear failure mode 
was also accompanied by yielding of the transverse reinforcement but not of the 
longitudinal reinforcement. It was observed that the degree of cracking increased as the 
amount of stin·ups increased. Multiple flexural-shear crack developed in the test region 
as opposed to the specimens without stirrups where only one diagonal crack developed 
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Figure 6. 17- Shear force versus deflection for HVFA-R3-7 subgroup 
(a) Failure for CC-R3-7-2 (b) Fai lure for HVFA-R3-7-3 
Figure 6.18 - Failure mode for Group 5 
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(a) Failure for CC-R3-7 -3 (b) Failure for HVFA-R3-7-l 
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Figure 6.21- Shear force versu deflection for HVFA-R4-7 subgroup 
(a) Failure for CC-R4-7-2 (b) Fai lu re for HVFA-R4-7-2 



























Figure 6.23 - Concrete crush for Group 6 
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Figure 6.25- Shear force versus deflection for HVFA-R4-5 subgroup 
(a) Failure for CC-R4-5-l (b) Failure for CC-R4-5-2 
Figure 6.26 - Flexural fai lure for Group 7 
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(a) Failure for CC-R4-5-3 (b) Failure for HVFA-R4-5-2 
Figure 6.27 -Shear failure for Group 7 
6.3. CONTRIBUTION OF DIFFERENT SHEAR COMPONENTS 
For specimens with transverse reinforcement, the total shear resistance can be 
determined as the sum of the contribution from the concrete and contribution from the 
stirrups, as shown in Equation 6-1 . The determination of the shear contribution from each 
component is based on a free body diagram of a portion of the specimen separated along 
the critical crack that initiated failure (Kuchma, 2009). 
(6- 1) 
where Vn.exp is the experimentally determined total resistance, Vc is the contribution of the 
concrete , and Vs is the contribution of the stirrups. 
6.3.1. Free body diagram procedure. The free body diagrams were drawn 
based on the crack patterns at the time of failure. The critical crack, defined as the widest 
crack that produced the failure, was used to separate the beams into two parts. Figures 
6.28 through 6.38 show the specimens at fai lure and the corresponding free body 
diagrams. No free body diagram was drawn for beam CC-R4-5-2 because this specimen 
failed in flexure. As mentioned previously in Section 5.6, only two of the three specimens 
in each subgroup were instrumented with strain gauges on the stirrups, therefore, only 
these two specimens were considered in developing the free body diagrams. The stirrups 
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crossing the critical crack are the only ones considered to resist the shear force applied to 
the specimen. Therefore, only the readings of the strain gauges from these sti rrups were 
used to calculate the shear contribution of the transverse reinforcement. 
Figure 6.28- Free body diagram for CC-R3-7-2 
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Figure 6.31- Free body diagram for HVFA-R3-7-3 









Figure 6.33 - Free body diagram for CC-R4-7-3 
Figure 6.34- Free body diagram for HVFA-R4-7-2 












Figure 6.36- Free body diagram for CC-R4-5-3 
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Figure 6.37- Free body diagram for HVFA-R4-5-2 
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6.3.2. Calculation of the contribution of the stirrups. The strains recorded by 
the gauges installed on the stirrups were used to calculate the shear force carried by the 
transverse reinforcement. As described in Section 5.6, two strain gauges were installed on 
each stirrup in the test region. Figure 6.39 presents an example of strains recorded by 
both strain gauges for two of the stirrups in specimen HVFA-R3-7-2 (note that T and B 
denote top and bottom strain gauges on the stirrup, respectively). The majority of the 
strain gauges installed on the stirrups were properly working throughout the course of 
testing, with only about 5% of the strain gauges damaged during casting of the beams. 
Figure 6.39 shows that the strain levels registered by the two strain gauges on the 
same stirrup can differ depending on their locations. Analysis of strain levels at various 
crack locations suggests that the strain level is higher at strain gauges closer to the critical 
crack. Therefore, the closest gauge to the critical crack provides a better representation of 
the actual strain value in the stirrup. For this reason, the strain gauges on each stirrup 
closest to the critical crack (highest strain values) were used to compute the force carried 
by each stirrup. The shear force carried by the stirrups crossing the critical crack was 
calculated using the following equation (Equation 6-2). 
(6-2) 
where Avi and fvi are the cross-sectional area and stress in the th stirrup crossing the 
critical crack. It should be noted that in the majority of instances, the stirrups crossing the 
critical crack yielded at failure. Appendix D contains the strain gauge data for all of the 
full-scale beam tests. 
6.3.3. Calculation of the contribution of the concrete. The shear contribution 
of the concrete CVcJ was calculated by subtracting the contribution of the stirrups (\'s) 
from the total shear resistance measured from the test as shown in Equation 6-3. 
Vc = Vtest - l's (6-3) 
The shear contribution of the concrete can be attributed to ( 1) aggregate interlock, 
(2) dowel action of longitudinal reinforcement, and (3) shear force carried in the 
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compression zone of the member. Furthermore, this value is normally referred to as the 
concrete shear strength in the presence of transverse reinforcement (Laskar et al., 2010). 
The results are shown in Table 6.2. 
6.3.4. Shear component diagram. Based on the calculations described above, 
shear component diagrams were drawn for all test specimens. Figures 6.40 and 6.41 
present examples of these diagrams for a control specimen and a HVFA concrete 
specimen, respectively. In all these diagrams, the horizontal axis represents the shear 
force applied to the test specimens and the vertical axis represents the shear contribution 
of each component. Appendix E contains the shear component diagrams for all of the 
full-scale beam tests. 
6.4. PRINCIPAL STRAIN READINGS 
Evaluation of the principal strains m the web can be informative for shear 
investigations such as the one presented in this study. Shear cracking and principal strains 
were investigated using demountable mechanical strain (Demec) gauges with a precision 
of 0.784 x lo-s microstrain to measure concrete deformations in the shear cracking 
zone. Prior to testing the full-scale beam specimens, Demec points were attached to the 
concrete surface with epoxy, as described in Section 5.6.2 of this document. 
Generally, a Demec gauge rosette can be used to measure the concrete strain in 
the horizontal (x), vertical (y), and diagonal (z) axes using a 7.87 in. gauge length, as 
shown in Figure 6.42. In this figure, w represents the shear crack opening (width), s 
represents the shear crack sliding (slip), and e represents the crack angle. 
The vertical (cyy) and horizontal (Exx) strains along with the strain evaluated 
along the 45° diagonal (Etd) were used to determine the corresponding shear strain (cxy) 
as given by Equation 6-4 (Boresi and Schmidt, 2003). Only the tension diagonal strains 
were used as these strains are based on measurements across the shear cracks rather than 
parallel to the shear cracks, therefore, they are considered more accurate. With these three 
strain components given by the Demec gauge readings, the principal strains (c1 and E2 ) 
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Figure 6.39 - Example for strain readings in HVFA-R3-7-2 specimen 
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Table 6.2- Summary of the contribution of the shear components 
Vs Vc Compressive Vtest 
Specimen strength at time Shear force at Comribution of Contribution of 
of testing (psi) failure (kips) rhe stirrups the concrete (kips) (kios) 
CC-R3-7-2 5,020 80.80 51.65 29.15 
CC-R3-7-3 5,020 77.37 55.12 22.25 
HVFA-R3-7-2 3,540 71.91 52.13 19.78 
HVFA-R3-7-3 3,540 72.85 54.75 18.10 
CC-R4-7-2 7,2 10 97.62 59.72 37.90 
CC-R4-7-3 7,210 97.87 59.72 38.15 
HVFA-R4-7-2 2,640 72.06 59.72 12.34 
HVFA-R4-7-3 2,640 65.36 54.09 11.27 
CC-R4-5-3 5,600 94.06 55.44 38.62 
HVFA-R4-5-2 4,710 91.53 59.72 31.81 
HVFA-R4-5-3 4,710 81.27 59.72 21.55 
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Figure 6.41 - Shear component diagram of HVFA-R3-7-2 
An example of the resu lts of this analysis is presented in Figures 6.43 and 6.44 for 
a control specimen and a HVFA concrete specimen, respectively. As described in Section 
5.6.2 of thi s document, each specimen contained three Demec gauge rosette stations in 
the test region, but these figures only present the largest strain values measured in each 
specimen, which represents the rosette station that was c losest to the critical diagonal 
crack at fai lure. In these figures, an estimate o f the softened compressive strain ( {Eo) at 
the peak softened stress ({f'c) is also plotted as a straight vertical line. Principal 
compressive strains beyond this softened compressive strain limit indicate that the 
softened compressive strength ({['c) of the concrete has been reached and, therefore, 
concrete crushing of the diagonal compressive trut may occur. This is a major concern 
for thin webbed members where the web c rushing is an eminent failure mode. 
Rectangular sections, such as the ones used in this study, have a large web width and, 
thus, web cru hing failure is not an eminent threat. However, to have a better 
understanding of the behavior of the HVFA concrete specimens, it is important to 
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compare the principal strains of both materials with those limi ts already set for 
conventional concrete specimens. 
Y 1 Diagonal crack 
• I 
Demec points 
I ~ ~ I 
Gage length = 7.87 in. 
Figure 6.42- Definition of shear crack displacements within a Demec gauge rosette 




_ Exx+Eyy (Exx-Eyy) + 2 cz - 2 4 Exy (6-6) 
Vecchio and Collins (1986) and Hsu ( 1993) presented equations for the softening 
coefficient((), which generally varies from about 0.2 to 0.6 as suggested by Hsu and Mo 
(20 10). For this analysis, the softening coefficient has been takes as 0.6, which represents 
the upper limit. The strain at peak stress (c-0 ) has been determined from Equations 6-7 and 
6-8 as given by Collins and Mitchell (1997), and the initial tangent stiffness of concrete 
(Ec) has been calculated using Equation 6-9 as given by the ACI 3 18-08. 
f 1c n 
c - -· -0 - Ec n-1 (6-7) 
n = 0.8 + .1..!s_ 
2500 




Figure 6.43 shows that for this specific control specimen, the principal 
compressive strain measured by the Demec gauges did not reach the softened 
compressive strain limit. Figure 6.44 shows that for this specific HVFA concrete 
specimen, the principal compressive strain exceeded the softened compressive strain limit 
and, thus, web crushing occurred as shown in Figure 6.45. Appendix F contains all the 
principal strain plots for all of the full-scale beam tests. 
6.5. FRACTURE MECHANICS TESTING 
This subsection presents the results of the fracture mechanics testing performed 
on both mix designs used in this study to evaluate the fracture energy and other fracture 
parameters. All specimens were constructed and tested within the parameters described in 
Section 5.8 of this document. 
6.5.1. Test set-up and measurement technique. To obtain the desired results 
and specimen behavior, several changes and considerations had to be taken into account. 
Different factors influenced the results starting with the equipment, with initial testing 
performed on a Tinius Olsen machine (200,000 lb capacity) where the results were 
unsatisfactory due to problems with the displacement control and the accuracy of the 
readings. At the same time, another issue was observed during the initial experiments 
regarding the recording rate of data used by the data acquisition system. A very high rate 
of 2,000 readings per second was required to ensure that the post-peak data could be 
recorded. After discarding the Tinius Olsen machine, the test set-up was modified and 
transferred to an MTS 880 machine (110,000 lb capacity), which had a very steady 
displacement control. Only two problems were detected in this new set-up, the first one 
was the contact load, which had to be maintained to less than 100 lb to avoid any pre-
cracking damage to the test beams. By locking the upper head of the machine and using a 
very small displacement control to get as close as possible to the starting position, the 
contact load was minimized and no further problems were observed regarding this issue. 
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The other problem was related to the displacement rate used to load the specimens. At 
first, a rate of 0.001 in./ sec was used, but the failure peak loads of the specimen contained 
significant scatter and the data acquisition system did not record the post-peak behavior 
data. The shape of the curve is also very important for determining the resulting fracture 
energy of the concrete, and the post-peak behavior data with a very smooth unloading 
curve is desirable, as shown in Figure 6.46. Therefore, a slower rate of 0.0005 in./sec was 
used, presenting a more uniform loading that allowed the data acquisition system to 
record the post-peak behavior. If there were a snap back, it would be impossible to 
clearly determine the fracture energy value. After performing some additional testing to 
calibrate all of the protocols, all the procedures were adjusted and testing could 
commence. Details of the test setup are given in Section 5.8. 
6.5.2. Construction and preparation of beam specimens. Very few problems 
were encountered during the construction and handling of the specimens before testing. 
During the construction process, it was found that the use of a steel plate to form the 
notch could also produce some microcracking, as it is expected when the notch is saw-
cut, in the surroundings of the notch, since hammering was required to remove the steel 
plate during the demolding of the specimens. However, very few specimens were 
damaged and lost. Before testing, every beam required the installation of aluminum plates 
that functioned as contact surfaces for the clip-on gauge. These plates were machined and 
two holes were drilled and tapped to provide support to the knife edges. The installation 
procedure started with cleaning of the concrete surface around the notch area using 
acetone and cloth wipes. Before the application of the epoxy, every aluminum plate was 
sanded to roughen the surface, followed by cleaning using acetone to remove any 
remaining particles and dust. A piece of clear tape was installed on the machined holes to 
avoid any contact with the epoxy. The concrete/steel epoxy used for this testing was a 
common adhesive that required 5 minutes for setting. Finally, the aluminum plates were 
covered with epoxy and placed at the desired location next to the notch using a 0.50 in. 
steel rectangular spacer to avoid any saturation of the sensor by placing the plates too 
close. 
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Figure 6.44- Principal strains of HVFA-R3-7 subgroup 
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(a) Failure for HVFA-R3-7-l (b) Failure for HVFA-R3-7-3 







Point load Deflection (PLD) 
CMOD 
Figure 6.46- Ideal plot results for fracture mechanics testing (Coronado, 2006) 
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6.5.3. Behavior of the specimens. Figures 6.47(a) and 6.47(b) show load versus 
crack mouth opening displacement (CMOD) and a load versus point load deflection 
(PLD) curves, respectively, from one of the experiments conducted in this study. For all 
specimens, the general trend among the curves was very similar. Plots for all of the 
specimens are contained in Appendix G. Differences were mainly observed between the 
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peak loads, which are presented in Table 6.3. Compressive strengths, splitting tensile 
strengths and moduli of elasticity are also presented in Table 6.3. 
The loading span-to-depth ratio used in this study was equal to three. Previous 
studies (Guinea et al., 1992; Coronado, 2006; Shah et al., 2011) recommend a minimum 
span-to-depth ratio of 2.5, dictated by the need to keep the influence of the self-weight of 
the specimens within bounds, while also keeping the specimens as slender as possible. 
However, for this study, the self-weight was compensated for by virtue of the test setup, 
and hence this requirement need no longer hold (Guinea et al., 1992). 
The fracture behavior of the specimens was very similar and followed the 
alignment of the notch for most of the specimens, as shown in Figures 6.48 and 6.49. 
Based on observations of the test results, it can be concluded that the fracture behavior is 
characterized by the phenomenon of damage localization, which is typical of quasi-brittle 
materials such as concrete and rock. The failure was due to a principal crack propagating 
from the notch towards the point of load application. Such a crack became visible at 
approximately 95% of the peak load. Stable crack propagation was obtained due to 
incorporation of the self-weight compensation test setup. 
The crack propagated through the weakest link in the specimens, as expected. 
Aggregate and paste fracture were observed in both halves after testing of the beam as 
shown in Figure 6.50. Possible reasons why the crack propagation did not completely 
follow the alignment of the notch in all specimens could be related to some eccentricity 
when loading the beam and some friction in the supports. During the location of each 
beam specimen in the test bed, meticulous attention was paid to maintain a correct 
location on both the test bed, which must be at the center of the machine support, and the 
beam specimen, which must be at the center of the test bed. The steel roller placed at the 
top of the beam to distribute the load was always accurately located at mid-span of the 
beam, minimizing any eccentricity as much as practically possible. 
Although the test set-up and testing protocols were calibrated several times before 
testing, data recorded during testing of a few specimens did not capture the post-peak 
behavior. The reason could be the very sudden failure suffered by the specimens, which 
occurred so quickly that the data acquisition system could not record the data. Possible 
solutions could include the use of a higher rate to record data and calibration of the MTS 
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880 machine for smaller loading protocols. The test results are also to a great extent 
dependent on the appropriate ratio of stiffness of the test equipment to stiffness of the 
specimens. 
6.5.4. Determination of the fracture energy. The concept of fracture energy is 
currently one of the most common fracture parameters used to incorporate fracture 
mechanics into shear design. Fracture energy represents the energy absorbed within the 
damaged zone of a crack. In the past, conventional theories used to explain the shear 
behavior have failed to account for the decrease in failure stress with increased beam size 
of similar geometry. This size effect has not been addressed yet with a consistent theory. 
In specialized applications where concrete needs to be designed considering fracture 
mechanics theories and numerical methods, experimental data on fracture energy could 
be essential. 
Previous researchers (Brooks and Sikharulidze, 1992; Padevet and Zobal, 2011) 
have reported concerns of a lower value of fracture energy in concrete containing high 
volumes of fly ash. To address this concern and to better understand the shear behavior of 
HVFA concrete, a very comprehensive calculation and analysis of fracture energy has 
been performed in this current study. 
Based on the load versus PLD curve, the fracture energy can be calculated. Two 
methodologies were found in the literature review but only the work-of-fracture method 
(WPM) was used for comparison purposes due to its applicability to this study. Section 
3.4.4 of this document discusses each methodology in more detail. The fracture energy 
normally associated with the work-of-fracture method (WPM) is different from the one 
calculated through the size effect method (SEM). They are usually differentiated as Gp 
for values calculated with WPM, and G1 for values calculated using SEM. The values 
obtained with WPM are sensitive to the specimen size and shape. On the other hand, 
values obtained with SEM are independent of the structure size as well as geometry 
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Table 6.3- Peak loads and mechanical properties for fracture mechanics specimen 
Specimen Notch depth Peak load t' c (psi) ft (psi) Ec (ksi) (in.) (lb) 
HVFA-FE- 1- 1 2,324 
HVFA-FE- 1-2 1.00 2,128 HVFA-FE- 1-3 2,734 
HVFA-FE- 1-4 2,509 3,070 281 3,475 HVFA-FE- 1.5- 1 1,647 
HVFA-FE-1.5-2 ] ,860 
HVFA-FE- 1.5-3 1,801 
HVFA-FE-1 .5-4 1.50 1,755 HVFA-FE-1 .5-5 2,619 
HVFA-FE- 1.5-6 3,057 6,640 538 5,500 HVFA-FE- 1.5-7 3,205 
HVFA-FE- 1.5-8 2,949 
HVFA-FE-2- L 1,448 3,070 281 3,475 HVFA-FE-2-2 1,512 
HVFA-FE-2-3 2,649 
HVFA-FE-2-4 2.00 2,549 HVFA-FE-2-5 2,613 
HVFA-FE-2-6 2,895 6,640 538 5,500 
HVFA-FE-2-7 2,299 
HVFA-FE-2-8 2,835 
CC-FE-1- l 3,145 
CC-FE-1-2 1.00 3,339 CC-FE- l-3 3,275 
CC-FE- 1-4 2,789 
CC-FE-1.5- 1 2,532 
CC-FE- L .5-2 1.50 2,199 5,670 432 5,100 CC-FE-1.5-3 2,385 
CC-FE-1.5-4 2, 147 
CC-FE-2- 1 1,971 
CC-FE-2-2 2.00 1,973 CC-FE-2-3 2, 104 
CC-FE-2-4 2,189 
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Figure 6.48- Failure of beam HVFA-FE-2-1 
Figure 6.49 -Failure of beam CC-FE- l-4 
Figure 6.50 - Aggregate and paste fracture 
171 
Additionally to these two well-defined methodologies and taking advantage of the 
CMOD curve, a third methodology which is still an experimental technique was 
considered. Results of previous research showed that different experimental techniques or 
different analysis may lead to different values of fracture parameters such as fracture 
energy. These parameters could be uniquely defined by extrapolating their values for 
infinite size specimen. Since specimen failure is dictated by the material characteristics, it 
must be possible to determine these characteristics from size effect measurements. 
In this experimental methodology, the first parameter that needs to be determined 
is the modulus of elasticity (E) which is calculated from the measured initial compliance 
( Ci) using Equation 6-10. Figure 6.51 presents the some of the variables considered in 
this methodology. 
(6-10) 
where S is the specimen loading span (18 in.), a0 is the initial notch depth, Ci is the 
measured initial compliance, and W and B are the depth and the width of the beam 
respectively. V1 (a) is defined in Equations 6-11 and 6-12 where H0 is the thickness of 
the clip gauge holder (0.31 in. for this study). 





The second parameter is the critical stress intensity factor (K1c). To determine K1c, 
the effective critical crack length (a) should be calculated first. The value of a is 
determined by solving Equation 6-13. 
(6-13) 
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where S is the specimen loading span ( 18 in.), g is the effective crack length (£ = a0 + 
stable crack growth at peak load), Cu is the unloading compliance, and W and 8 are the 
depth and the width of the beam respectively. V1 (a) is the same variable defined in 
Equation 6-l l , but Equation 6- 12 is replaced by Equation 6-14 to account for the 









Figure 6.51 - Decomposition of CMOD plot due to nonlinear effect (Shah and Carpinteri , 
1991) 
For laboratories which cannot perform a stable three-point bend test where the 
specimen is monotonically loaded to post-peak status and unloaded, the Cu values can be 
approximated by assuming the same point of origin as shown in Figure 6.51. The values 
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of K1c determined based on this assumption are typically 10% to 25% higher than the 
values calculated using the actual unloading compliance (Shah and Carpinteri, 1991 ). For 
this study, a coefficient of 0.85 was implemented to account for a 15% reduction on the 
measured values. The critical stress intensity factor is then calculated using Equations 6-
15 to 6-17. Finally, in Linear Elastic Fracture Mechanics (LEFM), for infinite size 
specimens according to Irwin's relationship (Irwin et al., 1958), the specific fracture 
energy ( c1) can be obtained using Equation 6-18. 
K :::::: 3PmaxS fTi'aF(a) 
Ic 2BW 2 V ~<!;:!: (6-15) 
where Pmax is the measured peak load, and .f!: is the effective crack length. F(a) is 
defined in Equations 6-16 and 6-17. 
F(a) = 2:_. 1.99-a(1-a)(2.15-3.93a+2.7a2 ) 







Table 6.4 presents the fracture energy values calculated using two methodologies. 
In order to compare the values, all the curves are limited and cut at 5% of the peak load in 
the descending branch (Martin et al., 2007). The PLD curve was used when determining 
the fracture energy Gp using the WFM methodology. The CMOD curve was used when 
determining the fracture energy c1 using the denominated two parameter model (TPM) 
that is used to calculate both the critical stress intensity factor and the critical crack tip 
opening displacement (CTOD). The CTOD was not calculated in this study since it was 
not required for the calculation of the fracture energy. 
Some of the fracture energy values appeared to be outliers, but after running a 
statistical analysis based on the ASTM E178 [2008] "Standard Practice for Dealing with 
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Outlying Observations", it was determined that none of the results measured using either 
the WFM or TPM approaches should be omitted, even though some of the values seemed 
to be lower than others. These lower results could be attributed to very minor localized 
damage produced during the construction process, due to microcracking that may have 
originated as a consequence of the hammering that was required to remove the steel plate 
during the specimen demolding process. The statistical approach consisted of 
determining the maximum and minimum values for a group that included specimens with 
the same type of concrete, compressive strength, and notch depth. Then, the arithmetic 
average (x) and standard deviation (s) were calculated using typical statistical 
expressions shown in Equations 6-19 and 6-20. Finally, the test criterion (Tn,1 ) is 
calculated using Equation 6-21. This test criterion is then compared to recommended 
values contained in Table 1 of ASTM E178 [2008] that is dependent on the number of 
data points (n). If the test criterion calculated for a data point is higher than the value 
obtained from Table 1, it should be considered an outlier. Tables 6.5 and 6.6 present the 









In order to compare the values of fracture energy, some assumptions and 
considerations were made to address different problems previously reported for the two 
approaches used in this study. Previous studies have reported considerable scatter in the 
results when using the WFM method (Ghaemmaghami and Ghaemian, 2004; Einsfeld 
and Velasco, 2006). Two considerations needed to be made at this point. First, the 
advantage of this method is the simplicity of the calculations, which only require the 
determination of the area under the Load vs. PLD curve. On the other hand, the 
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disadvantage of thjs method is that it does not provide fracture parameters that are size 
and shape independent (Einsfeld and Velasco, 2006). 
Table 6.4- Fracture energy values 
Peak load Gp Gr Specimen (lb) WFM TPM (lb/in.) (lblin.) 
HVFA-FE-1-1 2,324 1.65 0.21 
HVFA-FE-1-2 2,128 1.57 0.17 
HVFA-FE-1-3 2,734 1.66 0.26 
HVFA-FE-1-4 2,509 1.60 0.24 
HVFA-FE-1.5-1 1,647 1.25 0.11 
HVFA-FE-1.5-2 1,860 1.23 0.13 
HVFA-FE-1.5-3 1,801 1.23 0.12 
HVFA-FE-1.5-4 1,755 1.32 0.13 
HVFA-FE-1.5-5 2,619 2.15 0.19 
HVFA-FE-1.5-6 3,057 2.77 0.24 
HVFA-FE-1.5-7 3,205 2.53 0.24 
HVFA-FE-1.5-8 2,949 2.26 0.21 
HVFA-FE-2-1 1,448 1.15 0.08 
HVF A-FE-2-2 1,512 1.16 0.09 
HVFA-FE-2-3 2,649 2.72 0.17 
HVFA-FE-2-4 2,549 2.11 0.16 
HVFA-FE-2-5 2,613 2.12 0.18 
HVFA-FE-2-6 2,895 2.54 0.21 
HVFA-FE-2-7 2,299 1.70 0.12 
HVFA-FE-2-8 2,835 2.46 0.20 
CC-FE-1-1 3,145 2.36 0.28 
CC-FE-1-2 3,339 2.53 0.31 
CC-FE-1-3 3,275 2.49 0.29 
CC-FE-1-4 2,789 2.08 0.21 
CC-FE-1.5-1 2,532 1.82 0.18 
CC-FE-1.5-2 2,199 1.54 0.13 
CC-FE-1.5-3 2,385 1.69 0.15 
CC-FE-1.5-4 2,147 1.48 0.13 
CC-FE-2-1 1,971 1.62 0.10 
CC-FE-2-2 1,973 1.73 0.10 
CC-FE-2-3 2,104 1.57 0.12 
CC-FE-2-4 2,189 1.75 0.13 
176 
Table 6.5- Results of the statistical analysis for WFM 
Group Specimen GF Coefficient Minimum Tn.1 Maximum Tn,1 WFM (lblin.) from Table I value value 
HVFA-FE-1-1 1.65 
1 HVFA-FE-1-2 1.57 1.499 1.57 1.205 1.66 0.910 HVFA-FE- 1-3 1.66 
HVFA-FE- 1-4 1.60 
HYFA-FE-1.5- 1 1.25 
2 
HYFA-FE- 1.5-2 1.23 1.499 1.23 0.637 1.32 1.480 HYFA-FE-1.5-3 1.23 
HYFA-FE- 1.5-4 1.32 
HVFA-FE- 1.5-5 2. 15 
3 HVFA-FE- 1.5-6 2.77 1.499 2. 15 0.997 2.77 1.229 HVFA-FE- 1.5-7 2.53 
HVFA-FE-1.5-8 2.26 
4 HYFA-FE-2- 1 1.15 NA NA NA NA NA HYFA-FE-2-2 1.16 
HYFA-FE-2-3 2.72 
HVFA-FE-2-4 2.1 I 
5 




6 CC-FE- 1-2 2.53 1.499 2.08 1.40 1 2.53 0.821 CC-FE-1-3 2.49 
CC-FE-1-4 2.08 
CC-FE- 1.5-1 1.82 
7 
CC-FE-1.5-2 1.54 1.499 1.48 1.017 1.82 1.212 CC-FE-1.5-3 1.69 
CC-FE- 1.5-4 1.48 
CC-FE-2-1 1.62 
8 CC-FE-2-2 1.73 1.499 1.57 1.167 1.75 0.972 CC-FE-2-3 1.57 
CC-FE-2-4 1.75 
In the TPM methodology, much attention must be paid in the determination of the 
initial and unloading compliances. The Load vs. CMOD plot was used for all 
calculations. This approach assumes that the difference between the initial compliance 
and the unloading compliance is mainly due to the formation of critical crack growth 
(Shah and Carpinteri, 1991). For this study, the initial compliance was calculated taking 
advantage of the initial linear behavior of the specimen and using the data up to a value 
of O.SPmax to avoid the softening portion of the curve. Since the equipment does not have 
the capabilities of performing a stable three-point bend test where the specimen is 
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monotonically loaded to post-peak status and unloaded, the unloading compliance values 
were calculated by assuming the same point of origin as shown in Figure 6.51. 
Table 6.6- Results of the statistical analysis for TPM 
Group Specimen GF Coefficient Minimum Tn,l Maximum Tn,l TPM (lblin.) from Table I value value 
HVFA-FE-1-1 0.21 





1.499 0.11 1.419 0.13 0.847 HVFA-FE- 1.5-3 0.12 
HYFA-FE-1.5-4 0.13 
HVFA-FE-1.5-5 0.19 
3 HYFA-FE- 1.5-6 0.24 1.499 0.19 1.232 0.24 0.873 HVFA-FE-1.5-7 0.24 
HVFA-FE-1.5-8 0.2 1 
4 




HVFA-FE-2-5 0.18 2.011 0.12 1.668 0.21 1.165 HVFA-FE-2-6 0.21 
HYFA-FE-2-7 0.12 
HVFA-FE-2-8 0.20 
CC-FE- l - 1 0.28 
6 CC-FE- 1-2 0.31 1.499 0.2 1 1.440 0.29 0.876 CC-FE-1-3 0.29 
CC-FE-1-4 0.2 1 
CC-FE-1.5- 1 0.18 
7 
CC-FE-1 .5-2 0.13 
1.499 0.13 0.816 0.18 I .405 CC-FE- 1.5-3 0.15 
CC-FE-1.5-4 0.13 
CC-FE-2-1 0.10 
8 CC-FE-2-2 0. 10 1.499 0.10 0.951 0.13 1.174 CC-FE-2-3 0.12 
CC-FE-2-4 0.13 
After the calculation of the compliance values, it is necessary to calculate the 
modulus of elasticity based on the initial compliance. The results of these calculations 
were very close to the value of modulus elasticity measured using ASTM C469 [2002] . 
The effective crack length was also calculated to determine the stress intensity factor. The 
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determination of the stress intensity factor is very sensitive to the accuracy of the 
determination of initial and unloading compliance. Finally, the fracture energy was 
calculated using Irwin's relationship (Irwin et al., 1958) as shown in Equation 6-18. As 
part of the assumption for the calculation of the unloading compliance, a reduction factor 
of 0.85 was incorporated to the calculated values of fracture energy using this 
methodology. Table 6. 7 summarizes the fracture properties calculated in the TPM 
approach. 
Before starting any comparison, it must be clarified that the fracture energy 
calculated using the WPM, Gp, is different that the one calculated with the TPM G1. 
Previous studies have indicated that even though the values are calculated with different 
approaches, there could be a linear relationship between them (Ghaemmaghami and 
Ghaemian, 2004; Einsfeld and Velasco, 2005). This relationship has been determined for 
fracture energy values calculated using the WPM and SEM, but no relationship was 
found between fracture energy values calculated using the WPM and TPM. Equation 6-
22 presents the coefficient found in the literature review. 
Gp = 2.SG1 (6-22) 
As presented in Tables 6.4 to 6.6, the notch depth had an effect on the final result 
of the fracture energy, principally in the values measured using the TPM. The fracture 
energy is a fracture property and should be independent of the notch depth in specimens 
made of the same concrete and with the same geometry. To address this issue, some 
analysis to the crack path was necessary. During testing of the beams, primarily in 
specimens containing a notch of 1 in. depth, some specimens presented a crack 
propagation that did not follow the alignment of the notch as shown in Figure 6.52. This 
could be attributed to the fact that the crack propagates through the weakest link of the 
specimens between the paste and the aggregate, and that a shallow notch depth might not 
induce a plane failure at that particular notch location. Additionally, the presence of an 
aggregate at the tip of the notch could delay the failure of the beam, resulting in a 
deflection of the crack path that causes an additional amount of work, which increases the 
measured value of fracture energy. This effect was also observed in the recorded data 
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from the Load vs. CMOD plot as shown in Figure 6.53. The CMOD values presented a 
plateau after failure even though there is no additional applied load to generate it. This 
can be explained graphically as shown in Figure 6.54 where at the crack tip, the crack 
path needs to deflect through the weakest plain in order to induce failure. This weak plain 
depends on the component with the lower stiffness, for this case either the paste or the 
aggregate. 
For specimens presenting this behavior, it is necessary to implement a correction 
factor that accounts for the extra work associated with the deflected crack path that 
increases the fracture energy. For the test results calculated using the WPM, a correction 
factor of 0.75 is recommended, while a lower correction factor of 0.50 is recommended 
for test results calculated using the TPM. This behavior seems to be more sensitive for 
calculations using the TPM, which uses data from the Load vs. CMOD plot. The 
reasoning here is based on the value of CMOD at failure which is used to calculate the 
unloading compliance. Considering the effect of the presence of the aggregate at the 
crack tip, its value could have been overestimated as a consequence that a portion of the 
deflection of the crack path could have been captured by the clip-on gauge. 
Two different assumptions were made to calculate these correction factors, the 
first one is that the values of fracture energy measured using the specimens with notches 
of 1.5 and 2 in. and made of the same concrete type and strength, which are fairly close to 
each other, are considered the closest representation of the real value of fracture energy. 
The other assumption is that the deflection in the crack path is not higher than 1 in. on 
each side. These measurements were made based on the different photographs taken 
during each test, where it was observed that this deflection in the crack path should be a 
little higher than the maximum aggregate size, that in this study is % in. For a better 
understanding, it can be observed in the photographs shown in Figure 6.52 that the crack 
paths do not deflect beyond the centerline of the aluminum plates which are 1 in. wide 
and are spaced 2 in. center-to-center. 
Table 6.8 presents the corrected values of fracture energy using both WFM and 
TPM methodologies. In this study, the purpose of the fracture mechanics testing was to 
compare values of fracture energy between two different concrete mixes and its effect on 
shear models that are based on a fracture mechanics approach. More discussion regarding 
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this comparison can be found in Chapter 7 of this document. The fracture energy values 
measured using the WFM approach will be compared to two empirical expressions found 
in the literature review to determine the accuracy of the test results. Finally, the values of 
fracture energy will also be related to the concrete softening problem found in the fu ll -
scale beams and that resulted in a concrete crushing failure of some of the HVFA 
specimens. 
Table 6.7- Fracture parameters calculated using TPM 
Specimen ASTM C469 TPM Effective crack length Stress intensity factor [2002], Ec (ksi) Ec (ksi) a (in.) K1c (psi..J in.) 
HVFA-FE-1- 1 3,459 4.14 919 
HVFA-FE-1-2 3,425 4.13 818 
HVFA-FE-1-3 3,418 3.58 1,022 
HVFA-FE-1-4 3,475 3,434 3.86 987 HVFA-FE-1.5-1 3,415 4.33 656 
HVFA-FE-1.5-2 3,436 4.60 719 
HVFA-FE- 1.5-3 3,355 4.92 697 
HVFA-FE-1.5-4 3,396 4.52 725 
HVFA-FE- 1.5-5 5,408 4.15 1,086 
HVFA-FE- 1.5-6 5,500 5,433 4.04 1,241 HVFA-FE-1.5-7 5,404 4.19 1,247 
HVFA-FE-1.5-8 5,463 4.67 1,159 
HVFA-FE-2-1 3,475 3,350 5.09 557 HVFA-FE-2-2 3,439 4.88 594 
HVFA-FE-2-3 5,286 4.95 1,040 
HVFA-FE-2-4 5,384 4.72 1,007 
HVFA-FE-2-5 5,500 5,394 4.86 1,067 HVFA-FE-2-6 5,309 4.48 1,147 
HVFA-FE-2-7 5,291 5.08 871 
HVFA-FE-2-8 5,310 4.93 1.115 
CC-FE-1-1 5,056 4.04 1,297 
CC-FE-1-2 5,090 3.97 1,363 
CC-FE-1-3 5,089 3.82 1,307 
CC-FE-1-4 5,036 3.94 1,111 
CC-FE-1.5-1 5,007 4.22 1,043 
CC-FE-1.5-2 5,100 5,014 4.64 887 CC-FE-1.5-3 5,065 4.90 942 
CC-FE-1.5-4 5,062 4.24 873 
CC-FE-2-1 5,044 5.02 771 
CC-FE-2-2 4,946 4.88 778 
CC-FE-2-3 5,078 4.76 854 
CC-FE-2-4 4,975 4.59 852 












0 0.005 0.01 
L 
0.01 5 0.02 
CMOD (in.) 























' 1" Notch 
' 
' <J 
-- ......... '/~, --' ' Deflection that generates / 












Figure 6.54 - Crack path behavior 
6.6. HARDENED CONCRETE PROPERTIES TEST 
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This section presents the results of several tests perlormed on both mix designs 
used in this study to evaluate hardened properties of the concrete, including compressive 
strength (f' c), modulus of rupture (MOR), splitting tensile strength Cft), and modulus of 
elasticity (MOE). All specimens were constructed and tested within the parameters of the 
applicable ASTM standards for each of the tests, as described in Section 5.7 of this 
document. The results of these tests were incorporated into the analysis and discussion of 
both the full-scale beams and the fracture mechanics specimens. Appendix H contains the 
complete data for all hardened concrete property tests. 
6.6.1. Compressive strength test. Cylinder compression tests were used to 
determine the strength of both concrete mixes during each placement. However, the 
following discussion is focused on the behavior of the HVFA concrete mixes and their 
vruied perf01mance between placements. The objective of these tests was to observe the 
sensitivity and reproducibility of a HVFA concrete mix obtained from a ready-mix plant. 
Although the propottions of each ingredient of the mix were maintained during each 
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placement, and the amount of water added at the laboratory never went beyond the 
optimum value (design value from Table 4.17), considerable differences were found in 
strengths at early and late ages between placements, which suggests that HVFA concrete 
mixes are susceptible to relatively small differences in water content, thus requiring a 
higher level of quality control when using these types of mixes. 
Table 6.9 and Figure 6.55 present the compressive strength test results for each 
HVFA concrete placement. For comparison purposes, the table and figure also includes 
the conventional concrete (CC) and HVF A concrete baselines that were designed and 
tested during optimization of the mix designs, as discussed in Chapter 4. As shown in the 
table and figure, testing was performed at 1, 3, 7, 28, and 56 days to observe the strength 
development, with three replicate specimens for each test. 
The HVFA concrete showed considerable variation between placements. At 1 day, the 
compressive strength ranged from 600 to 1,000 psi. At 3 days, the compressive strengths 
increased, as expected, and ranged from 1 ,300 to 1,900 psi. At this point, it can be 
observed that at early age strengths, the HVFA concrete shows significantly lower 
compressive strength values compared to a conventional concrete mix. Early strength 
gain is important in construction, particularly for form removal. At 7 days, the 
compressive strengths ranged from 1,900 to 2,700 psi. At 28 days, the compressive 
strengths ranged from 2,600 psi to 4,700 psi. These values show that from 7 to 28 days, 
the HVF A concrete had a greater increase in compressive strength. As reported in 
previous studies, it was observed that concrete containing high volumes of fly ash will 
have a longer hydration period than that of conventional concrete, with a corresponding 
slower strength gain with age. At 56 days, the compressive strengths ranged from 3,200 
psi to 4,700 psi. Some of these results indicated no increment in strength gain beyond 28 
days, and this behavior suggests that the fly ash and calcium hydroxide, (both the one 
released by the Portland cement reaction and the one added as an activator) stopped 
reacting and completed their chemical interaction to form calcium silica hydrate (CSH). 
The advantage to using HVFA concrete is that the water-to-cement ratio can be reduced, 
as it was performed in this study, to produce compressive strengths comparable to 
conventional concrete while maintaining workability. 
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Table 6.8 - Corrected fracture energy values 
Peak load Gp c, Specimen (/b) WFM TPM (lblin. ) (lblin.) 
HVFA-FE-1-1 2,324 1.24 0.10 
HVFA-FE-1 -2 2, 128 1.18 0.08 
HVFA-FE-1-3 2,734 1.24 0.13 
HVFA-FE-1-4 2,509 1.20 0.12 
HVFA-FE-1.5-1 1,647 1.25 0.1 1 
HVFA-FE-1.5-2 1,860 1.23 0.1 3 
HVFA-FE-1.5-3 1,801 1.23 0. 12 
HVFA-FE-1.5-4 1,755 1.32 0.1 3 
HVFA-FE-1.5-5 2,6 19 2. 15 0.19 
HVFA-FE-1.5-6 3,057 2.08 0.24 
HVFA-FE-1.5-7 3,205 2.53 0.24 
HVFA-FE-1.5-8 2,949 2.26 0.21 
HVFA-FE-2-1 1,448 1.15 0.08 
HVFA-FE-2-2 1,512 1. 16 0.09 
HVFA-FE-2-3 2,649 2.04 0.17 
HVFA-FE-2-4 2,549 2.1 1 0.16 
HVFA-FE-2-5 2,613 2.12 0. 18 
HVFA-FE-2-6 2,895 2.54 0.2 1 
HVFA-FE-2-7 2,299 1.70 0. 12 
HVFA-FE-2-8 2,835 2.46 0.20 
CC-FE-1-1 3, 145 1.77 0.14 
CC-FE-1-2 3,339 1.90 0.16 
CC-FE-1-3 3,275 1.87 0.14 
CC-FE-1-4 2,789 1.56 0. 10 
CC-FE-1.5-1 2,532 1.82 0. 18 
CC-FE-1.5-2 2, 199 1.54 0. 13 
CC-FE-1.5-3 2,385 1.69 0.1 5 
CC-FE-1.5-4 2, 147 1.48 0. 13 
CC-FE-2-1 l ,97 1 1.62 0.10 
CC-FE-2-2 1,973 1.73 0. 10 
CC-FE-2-3 2, L04 1.57 0. 12 
CC-FE-2-4 2,189 1.75 0.13 
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Table 6.9- Compressive strengths for each HVFA concrete placement 
Compressive strength (psi) 
1 day 3days 7days 28 days 56 days 
CC-Baseline 2,570 3,760 4,600 5,610 6,210 
HVFA-Baseline 720 1,380 2,000 3,040 4,130 
HVF A-R l ,R2,R3-NS-1 1,040 1,940 2,7 10 3, 190 3,540 
HVFA-R l ,R2,R3-NS-2 740 1,550 2,470 3,130 3,430 
HVFA-R4-NS - 1,7 10 2,800 4,210 4,210 
HVFA-R3-7 960 1,920 2,580 3,100 3,240 
HVFA-R4-7 610 1,340 1,900 2,640 4,080 
HVFA-R4-5 930 1,880 2,440 4,7 10 4,710 
6.6.2. Flexural strength test. The flexural strength tests were performed in 
accordance with ASTM C78 [2009]. All specimens fai led within the middle one-third 
region of the beams, which dictates that the MOR shall be calculated using Equation 6-
23. This equation is based on the elastic beam theory that implies the tensile stress is 
proportional to the distance from the neutral ax is. However, it must be clarified that the 
result of this equation is only an estimate since the stresses induced under load generate a 
parabolic relationship rather than triangular. Therefore, the MOR overestimates the 
tensile strength of the concrete. Raphael ( 1984) showed that the correct value of tensile 
strength is about% of the theoretical modulus of rupture obtained from Equation 6-23. 
MOR = PL 
bd2 
(6-23) 
where P is the maximum load at failure, L is the supported length of the beam (18 in.), 
and band dare the width and height of the beam, respectively. 
Sixteen HVFA concrete specimens and eight CC specimens were tested during 
this study, and the results are presented in Figure 6.56. The variability of the MOR test is 
significant, as shown in Figure 6.56. The variability of the MOR resu lts can be attributed 
to different factors starting with the specimen dimensions. The ASTM C78 [2009] calls 
for the test specimen to have a span three times its depth. For a constant beam width and 
test span, the MOR decreases as the depth of the beam increases (Nielsen, 1954). 
Kellermann (1933) reported that the MOR decreases as test span increases. The coarse 
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aggregate size also affects the MOR, as it has been found that the MOR is higher for 
smaller coarse aggregate sizes (Kellermann, 1933). The MOR is also affected by the 
angularity, type, and amount of coarse aggregate that is used. 
Other factors affecting the MOR are more related to issues during construction 
and testing, such as the moisture condition while mixing, the curing method, and if the 
procedure during preparation of the test beam was properly followed or not. Also, as the 
temperature of the specimen at the time of testing increases, the MOR decreases. Losses 
of up to 33% in MOR results have been reported on specimens tested in dry condition 
(Nielsen, 1954). 
The ACI 318-08 presents an equation to estimate the modulus of rupture and it is 
shown in Equation 6-24. This equation has been included in Figure 6.56 as a straight line 
for comparison purposes. Even though Equation 6-24 is used for mix designs containing 
no less than 75% Portland cement as cementitious material, it presents a good correlation 
for the results of the HVFA concrete beams. Based on these results, it can be observed 
that the MOR, as a function of concrete strength, was found to be higher in the HVFA 
concrete compared to the CC. 
MOR = 7.5.fi'c (6-24) 
where f' c is the compressive strength of the concrete in psi. 
Since the HVF A concrete and the CC produced for this research program used the 
same construction procedures, curing conditions, and testing protocols, the difference 
was found to be very significant, even though the MOR has a very high degree of 
variability, with values that range from 7.5 and 12 times the ffc for normal concrete. 
6.6.3. Splitting tensile strength test. The average splitting tensile strength was 
determined for each specimen using the equation stated in ASTM C496 and that is 
presented in Equation 6-25. The splitting test is simple to perform and gives more 
uniform results than other tension tests (Wright, 1955). The strength determined in the 
splitting test is believed to be close to the direct tensile strength of the concrete. Another 
advantage of the splitting test is that the same type of specimen can be used for both the 
compression and the tension tests. 
2P 
ft = nLD 
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(6-25) 
where P is the maximum load at failure, L and D are the length and diameter of the 
cylinder, respectively. 
Twenty four HVFA concrete specimens and thirteen CC specimens were tested 
during this study and the results are presented in Figure 6.57. Significant variability of 
results from tensile testing is commonly recognized as observed in Figure 6.57. 
As mentioned in Section 6.6.2, the MOR overestimates the tensile strength of the 
concrete and yields a higher value as compared to the splitting tensile strength. There are 
four possible reasons of why the modulus of rupture test yields a higher value of strength 
than a direct tensile test made on the same concrete (Neville, 1997). The first one is 
related to the assumption of the shape of the stress block, as mentioned before, the shape 
of the actual stress block is parabolic and not triangular. The second one is that accidental 
eccentricity in a direct tensile test results in a lower apparent strength of the concrete. The 
third is offered by an argument similar to that justifying the influence of the loading 
arrangement on the value of the modulus of rupture: under direct tension the entire 
volume of the specimen is subjected to maximum stress so that the probability of a weak 
element occurring is high. And finally, in the flexure test, the maximum fiber stress 
reached may be higher than in direct tension because the propagation of a crack is 
blocked by less-stressed material nearer to the neutral axis, thus, available energy is 
below that which is necessary for the formation of new crack surfaces. 
One factor that affects the split tensile strength is the bearing strips. Increasing the 
thickness of the bearing strip may cause strength reductions (Wright, 1955). Steel bearing 
strips have been shown to decrease strength probably due to their inability to conform to 
the specimen surface. The length for a cylinder for a given diameter does not affect test 
results, other than possibly producing more uniformity of results for longer specimens 
(Wright, 1955). Uniformity of test results also seems to increase with increment in 
diameter. The moisture conditions of the cylinder do not affect the splitting tensile 
strength as it does with the MOR. The reasoning is that the specimen surface contained 
within the failure plane is subjected to high triaxial compressive stresses. The other factor 
that affects the split tensile strength is the loading rate, as observed in compressive 
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strength specimens and flexural beams, higher results of splitting tensile strengths are 
obtained when the specimens are loaded at a more rapid rate. In this study, all specimens 
for the HVFA concrete and CC were fabricated and tested under the same conditions. 
The ACI 318-08 presents an equation to estimate the split tensile strength and it is 
shown in Equation 6-26. This equation has been included in Figure 6.57 as a straight line 
for comparison purposes. Even though Equation 6-26 is used for mix designs containing 
no less than 75% Pot1land cement as cementitious material, it presents a good correlation 
for the results of both the HVFA concrete and CC cylinders. Based on these results, it can 
be observed that the splitting tensile strength of the HVFA concrete, as a function of 
concrete strength, is comparable to that of the CC. 
ft = 6.7ffc 
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Figure 6.56 - Modulus of rupture test results 
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6.6.4. Modulus of elasticity. The modulus of elasticity (MOE) was determined 
for each specimen using the guidelines stated in ASTM C469 [2002] . As observed for 
compressive strength, the modulus of elasticity is s ignificantly affected by the modulus of 
the aggregate used in the concrete. Therefore, the modulus of elasticity is sensitive and 
measured values can be higher or lower than the specified calculated modulus of 
elasticity in accordance with ACI 3 18-08, typically varying from 80 to 120% of the ACI 
value. In this study, both the HVFA concrete and CC specimens were fabricated using the 
same aggregate type. 
Nine HVFA concrete specimens and five CC specimens were tested during this 
study and the results are presented in Figure 6.58. Significant variability of results from 
modulus of elasticity is recognized as observed in Figure 6.58. The ACI 3 18-08 presents 
two equations to estimate the modulus of elasticity and they are shown in Equations 6-27 
and 6-28. Equation 6-27 has been included in Figure 6.58 as a straight line for 
comparison purposes. 
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Equation 6-28 includes another variable additional to the compressive strength as 
required by Equation 6-27. The unit weight of the concrete (w) is taken into account for 
the calculation of the modulus of elasticity instead of a constant value that has been set as 
57,000 for normal weight concrete in Equation 6-27. This expression limits the value of 
the unit weight in the range of 90 to 160 lb/ft3. 
Ec == 57,000.../J'"c (6-27) 
(6-28) 
where f' c is the compressive strength of the concrete in psi, and w is the unit weight of 
the concrete in lb/ft3• 
As reported in Section 4.7 of this document, the unit weight was measured during 
each concrete placement, presenting average results of 145 and 150 lb/ft3 for the HVFA 
concrete and CC, respectively. After incorporating the unit weights into Equation 6-28, 
there is a slight difference in the coefficient used for the calculation of the modulus of 
elasticity for the HVFA concrete mix. Equations 6-29 and 6-30 present the new 
coefficients for the calculation of the modulus of elasticity for the HVFA concrete and 
CC, respectively. Figures 6.59 and 6.60 include these new expressions for comparison 
purposes. 
Ec == 57,600.../J'"c (6-29) 
Ec == 60,600.../J'"c (6-30) 
Based on these results, it can be observed that the modulus of elasticity of the 
HVF A concrete, as a function of concrete strength, is comparable to that of the CC. Both 
Equations 6-27 and 6-28 underestimate the values of the modulus of elasticity for both 
concrete types, which means that the ACI 318-08 approach is conservative in this 
instance. The lower value of unit weight in the HVF A concrete does not affect the value 
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of the modulus of elasticity, since the coefficient of 57,000 set by Equation 6-27 is almost 
the same that the one obtained by Equation 6-28, which is equal to 57,600. In conclusion, 
the ACI expressions can be used for HVFA concrete even though they are generally used 
for mix designs containing no less than 75% Portland cement as cementitious material. 
6.6.5. Summary of results. The densification and the more efficient particle 
packing with in the paste of HVFA concrete mix that results as a consequence of the fly 
ash particles that have a smooth, spherical surface as opposed to the angular surface of 
cement particles, reduces the interparticle friction which seems to improve the 
composition and behavior of the concrete. As reported in Sections 6.6.2 to 6.6.4 of this 
document, even though the compressive strength values for the HVFA concrete were 
lower than those of the CC, all the other mechanical prope11ies are comparable, and in the 
case of the MOR, higher that the results observed in the CC specimens. The only 
downside of the HVFA concrete is the compressive strength, which was found to be 
lower at all times as compared to the CC and was discussed in Section 6.6.1. 
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7. ANALYSIS AND DISCUSSION OF RESULTS 
7.1. INTRODUCTION 
In Chapter 7, the full-scale beams in this study were analyzed using several 
different approaches, including the standard truss model, modified compression field 
theory, and fracture mechanics formulations. This section starts with the analysis of the 
full-scale test results compared to the theoretical results using design approaches 
contained in several codes common to North America. The test results are compared to 
the capacities determined for specimens both with and without stirrups. In addition to a 
direct comparison between the test results and predicted capacities, this chapter also 
includes a section to compare the different factors that influence the design code shear 
capacities - such as critical crack angle and longitudinal strain -by examining the values 
measured during the tests with those calculated using the design codes. 
This chapter also discusses the experimental results of the calculation of fracture 
energy for both types of concrete. In addition to a direct comparison between fracture 
energies, this chapter compares the full-scale test results to the shear capacities 
determined using fracture mechanics approaches for specimens both with and without 
stirrups. Principal strains in the test regions were also analyzed using the Demec gauge 
readings measured during the test of each specimen. The compressive principal strains 
were compared to softened compressive strain limits proposed by previous researchers to 
determine if HVFA concrete specimens present different behavior and failure modes than 
conventional concrete specimens. 
As a closing point, this chapter contains a section comparing the experimental 
results of this study to over 950 experimental results available in the literature. The prime 
objectives are to validate the test data from this study, particularly for the HVFA 
concrete, and to compare all of the results to predictions from current North American 
and European shear design provisions. 
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7.2. DESIGN CODE COMPARISON 
The following section compares the full-scale test results with the design 
approaches used in several codes common to North America. The test results are 
compared to the capacities determined for specimens both with and without stirrups. 
7.2.1. ACI 318-08 Building Code. ACI 318-08 presents two equations for 
calculating the concrete contribution to shear strength. One of these equations is the well-
known, simplified shear strength expression shown in Equation 7-1. The other equation, 
shown in Equation 7-2, is more complex and takes into account the amount of 
longitudinal reinforcement as well as the ratio of applied shear and moment at the section 
under investigation. 
where l'c is the concrete contribution to the shear strength, f' c is the concrete 
compressive strength (psi), bw is the width of the web, d is the distance from the extreme 
compression fiber to the center of gravity of the longitudinal steel, Pw is the longitudinal 
reinforcement ratio and is equal to~. As is the area of longitudinal reinforcement, and 
bwd 
Vu and Mu are the factored shear force and factored moment at the section under 
investigation, respectively. In Equation 7-2, the following condition presented in 
Equation 7-3 must be maintained. 
Vud < l O 
Mu- . (7-3) 
Both ACI expressions predict the total concrete contribution to shear strength, 
which is a combination of several components as shown in Figure 7 .1. Figure 7.1 
presents a portion of a beam in which a diagonal tension crack has formed. Once a crack 
is formed, no tension can be transmitted across the crack. However, as long as the crack 
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is narrow, it can still transmit forces in its own plane through interlocking of the surface 
roughness. The interlock forces (Vi) have been measured in previous studies, and are 
approximately equal to one-third or more of the total shear force (Ni lson et al., 2004). 
The components Vix and Viy of Vi are displayed in Figure 7.1 in blue. The other internal 
vertical forces are those in the uncracked portion of the concrete (\'cz) and across the 
longitudinal steel, acting as a dowel (Vd) . For beams without transverse reinforcement, 
the portion of the shear force resisted by the steel in dowel action is usually quite small 
(Nilson et al., 2004). However, the amount of longitudinal steel reinforcement affects the 
longitudinal strain and therefore has a significant impact on the concrete shear strength. 
Figure 7 .l -Forces at diagonal crack in a beam without web reinforcement 
Both ACI expressions for shear strength are empirical. Since Equation 7-1 is only 
a function of the compressive strength of the concrete, the calculated results are not 
affected by the amount of longitudinal reinforcement. The longitudinal reinforcement 
ratio is known to affect the shear strength of reinforced concrete (RC) members (Tureyen 
and Frosch, 2003). Minimum and maximum longitudinal amounts for steel reinforcement 
are typically specified by design codes. These limits are a function of strength and 
ductility requirements and vary with concrete strength. Equation 7- l generally represents 
the Lower bound to the data points developed by ACI-ASCE Committee 326 ( 1973), and 
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it is reasonable for smaller slender beams that are not subjected to axial load and have at 
least 1% longitudinal reinforcement. Even though Equation 7-1 was developed 
empirically and based on experimental data, it does account for all three components (Viy' 
Vcz, and Vd) that comprise the concrete contribution to shear strength, albeit 
conservatively. Although Equation 7-2 is also empirical, it also accounts for all three 
components and more accurately reflects the trend in the substantial body of shear test 
data available in the literature, as well as the role that the longitudinal steel plays in the 
shear strength. Increasing values of the reinforcement ratio have a beneficial effect in that 
they increase the shear at which diagonal cracks develop. This behavior occurs because 
larger amounts of longitudinal steel result in smaller and narrower flexural tension cracks 
prior to the formation of diagonal cracking, leaving a larger area of uncracked concrete 
available to resist shear (Nilson et al., 2004). 
For the specimens without transverse reinforcement, Table 7.1 contains the shear 
strengths calculated using both ACI expressions, the full-scale test results, and the ratios 
of experimental-to-predicted values. Figures 7.2 and 7.3 present the ratios of 
experimental-to-predicted values in graphical form for Equations 7-1 and 7-2, 
respectively. As shown in Figure 7.2, the ratios of experimental-to-calculated values are 
greater than one and in some cases greater than two (for specimens with larger 
longitudinal reinforcement ratios), which verifies the conservativeness of Equation 7-1 at 
higher reinforcement ratios. The values for the CC specimens range from 1.11 to 2.28 
with an average of 1.51. The values for the HVFA concrete specimens range from 1.13 to 
2.23 with an average of 1.55. For longitudinal steel ratios less than 3%, the values for the 
CC specimens range from 1.11 to 1.89 with an average of 1.36, while the values for the 
HVFA concrete specimens range from 1.13 to 1.82 with an average of 1.44. These values 
are very consistent between concrete types, indicating that Equation 7-1 appears to be 
equally applicable to HVFA concrete. 
As shown in Figure 7.3, the shear strength calculations using Equation 7-2 are 
relatively closer to the experimental values. The values for the CC specimens range from 
0.89 to 1.42 with an average of 1.06. The values for the HVFA concrete specimens range 
from 0.63 to 1.23 with an average of 0.99. For longitudinal steel ratios less than 3%, the 
values for the CC specimens range from 0.89 to 1.33 with an average of 1.02, while the 
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values for the HVFA concrete specimens range from 0.87 to 1.18 with an average of 
1.0 1. These values are very consistent between concrete types, indicating that Equation 7-
2 appears to be equally applicable to HVFA concrete. Furthermore, closer agreement 
between the test and predicted strengths was expected since this expression includes the 
longitudinal reinforcement ratio as one of its variables. Moreover, one of the advantages 
of this equation is that the second term that accounts for the shear strength contribution 
from the longitudinal reinforcement (2500pw Vud) is independent of the compressive 
Mu 
strength of the concrete. 
Table 7.1 -Summary of experimental and calculated results for beams without stirrups 
using the ACI approach 
Specimen Vtest Vc (kips) Vtest Vc (kips) Vtest - - --(kips) Equation 7-1 Vc Equation 7-2 ~ 
CC-R l -NS-1 29.69 26.65 1.11 32.82 0.90 
CC-R 1-NS-2 29.16 25.65 1.14 31.86 0.92 
HVFA-R1-NS-1 26.96 21.26 1.27 27.70 0.97 
HVFA-Rl-NS-2 23.87 21.06 1. 13 27.5 1 0.87 
CC-R2-NS-1 37.23 25.06 1.49 32.80 1.13 
CC-R2-NS-2 30.46 24.11 1.26 31.91 0.95 
HVFA-R2-NS-1 27.69 19.99 1.39 27.99 0.99 
HVFA-R2-NS-2 25.36 19.81 1.28 27.81 0.91 
CC-R3-NS-l 47.47 25.06 1.89 35.80 1.33 
CC-R3-NS-2 31.10 24.11 1.29 34.91 0.89 
HVFA-R3-NS-1 36.47 19.99 1.82 30.99 1.18 
HVFA-R3-NS-2 34.66 19.81 1.75 30.81 1.12 
CC-R4-NS-1 68.61 30.03 2.28 48.28 1.42 
CC-R4-NS-2 45.80 30.03 1.53 48.28 0.95 
CC-R4-NS-3 49.04 30.03 1.63 48.28 1.02 
HVFA-R4-NS-1 26.14 22.75 1.15 41.36 0.63 
HVFA-R4-NS-2 50.76 22.75 2.23 41.36 1.23 


















Figure 7.3- Comparison of strength calculations by ACI 318-08 using Equation 7-2 
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Independently of the type of concrete, both expressions present similar trends for 
specimens with the same longitudinal reinforcement ratio and similar compressive 
strength, which means that the equations are equally applicable to HVFA concrete. In all 
instances, Equation 7-1 gives ratios greater than 1.0. For Equation 7-2, some of the ratios 
were lower than 1.0, although this result is not necessarily disconcerting for several 
reasons. First, as shown in Figure 7.3 for longitudinal reinforcement ratios less than 3% 
(a common reasonable upper bound), the trends are virtually identical between the CC 
and HVFA concrete. Second, ACI 318-08 require a minimum amount of transverse 
reinforcement unless Equation 7-4 is satisfied. This limit and the considerations 
contained in section 11.4.6.1 of ACI 318-08 dictate whether or not transverse 
reinforcement is required. If the factored shear force exceeds that limit and the member in 
question does not fall in the considerations of section 11.4.6.1, stirrups must be provided. 
(7-4) 
where 0 is the strength reduction factor, that for shear and torsion applications is equal to 
0.75. Third, in examining the literature, Equation 7-2 does not represent a lower bound of 
the substantial body of shear test data available in the literature, but instead represents the 
result of a statistical analysis to fit the shear test data available. This statistical analysis 
was also used to establish the constants 1.9 and 2,500. Consequently, it would appear that 
the expression is equally applicable to HVFA concrete. 
For members with transverse reinforcement, the shear strength is based on an 
average shear stress distribution across the entire cross section and is composed of a 
concrete contribution (Vc) and a steel contribution C"Vs). The concrete contribution is 
calculated from Equations 7-1 and 7-2 as before. The steel contribution, shown in 
Equation 7-5, is calculated based on a 45-degree truss model, constant stirrup spacing, 
and equilibrium considerations. ACI 318-08 procedures have evolved into restricted, 
semiempirical approaches as highlighted by ACI 445R-99 (2009). 
v; = Av/ytd 
s s (7-5) 
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where Vs is the steel contribution to the shear strength, [y t is the yield strength of the 
transverse reinforcement (ps i), s is the spacing of the transverse reinforcement, and Av is 
the area of shear reinforcement. 
Figure 7.4 presents a portion of a beam in which a diagonal tension crack has 
formed. The objective of this figure is to establish some ground for further discussion. All 
the forces presented here are the same as those of Figure 7.3, except that each stirrup 
traversing the crack exerts a force (Avfv) on the given portion of the beam. 
' 
' ~z 
Figure 7.4 - Forces at diagonal crack in a beam with vertical stirrups 
The transverse reinforcement provided in the test specimens with stirrups met the 
minimum requirements established by ACI 318-08. The minimum shear reinforcement 
(Av,min) required is given by the limit shown in Equation 7-6, where the value should not 
be less than the one calculated with Equation 7-7. 
Av,min = 0.75.J1'c bws 
[yt 





For the specimens with transverse reinforcement, Table 7.2 contains the shear 
strengths calculated using both ACI expressions for the concrete contribution as well as 
the transverse steel contribution. The table also includes the full-scale test results. Figures 
7.5 and 7.6 present the ratios of experimental-to-predicted values based on both 
expressions. As shown in Figure 7.5, the ratios of the experimental-to-calculated values 
are greater than one which verifies the conservativeness of Equation 7-1 even for 
specimens with transverse reinforcement. The values for the CC specimens ranged from 
1.35 to 1.61 with an average of 1.49. The values for the HVFA concrete specimens 
ranged from 1.20 to 1.47 with an average of 1.36. However, more importantly, the R3 
series represents a much more realistic amount of longitudinal reinforcement (2.71 %) 
compared to the R4 series ( 4.50% ), and for the R3 series, the values for the CC 
specimens range from 1.39 to 1.49 with an average of 1.44, while the values for the 
HVFA concrete specimens range from 1.30 to 1.45 with an average of 1.40. 
Consequently, at more realistic longitudinal reinforcement ratios, the values are very 
consistent between concrete types, indicating that the combination of Equations 7-1 and 
7-5 to calculate shear strength in specimens with transverse reinforcement appears to be 
equally applicable to HVFA concrete. 
As shown in Figure 7.6, the shear strength calculations using Equations 7-2 and 7-
5 are relatively closer to the experimental values. The values for the CC specimens range 
from 1.07 to 1.25 with an average of 1.19. The values for the HVF A concrete specimens 
range from 0.89 to 1.19 with an average of 1.05. However, more importantly, the R3 
series represents a much more realistic amount of longitudinal reinforcement (2.71 %) 
compared to the R4 series ( 4.50% ), and for the R3 series, the values for the CC 
specimens range from 1.16 to 1.25 with an average of 1.20, while the values for the 
HVFA concrete specimens range from 1.07 to 1.19 with an average of 1.15. 
Consequently, at more realistic longitudinal reinforcement ratios, all values are greater 
than one and are very consistent between the two concrete types. 
Shear strength calculations using Equations 7-1 and 7-5 consistently 
underestimate the shear capacity of the specimens, either with or without transverse 
reinforcement. Several factors may account for this behavior. As mentioned before, 
Equation 7-1 does not account for the effect of the longitudinal reinforcement ratio, 
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which has been shown to affect the shear strength. Second, and probably the most 
important reason, Equation 7-5 is based on a 45-degree truss model , which is a very 
conservative approach. The effect of the crack angle will be discussed in Section 7.3, but 
it must be mentioned at this point that the angle measured on each specimen was flatter 
than 45 degrees, which would engage more stirrups. The shear strength calculations using 
Equations 7-2 and 7-5 appear to be closer to the experimental results. This trend seems to 
be more accurate due to the inclusion of the longitudinal reinforcement ratio as a variable 
in Equation 7-2. Independently of the type of concrete, both expressions present similar 
trends for specimens with the same longitudinal and transverse reinforcement ratio, and 
similar compressive strength, which means that they appear to be equally applicable to 
HVFA concrete. 
Table 7.2- Summary of experimental and calculated results for beams with stirrups using 
the ACl approach 
Specimen Vtest Vs (kips) Vn = \'c + Vs Vtest Vn=\'c+Vs Vtest --(kips) Equation 7-3 Equation 7-1 Vn Equation 7-2 Vn 
CC-R3-7-1 75.02 1.39 1.16 
CC-R3-7-2 80.80 54.13 1.49 64.87 1.25 
CC-R3-7-3 77.37 29.05 1.43 1.19 HVFA-R3-7-I 65.09 1.30 1.07 
HVFA-R3-7-2 71.91 50.11 1.44 61.06 1. 18 
HVFA-R3-7-3 72.85 1.45 1. 19 
CC-R4-7-1 91.68 1.50 1.16 
CC-R4-7-2 97.62 60.94 1.60 79.20 1.23 
CC-R4-7-3 97.87 31.14 1.61 1.24 HVFA-R4-7- I 60.60 1.23 0.89 
HVFA-R4-7-2 72.06 49.17 1.47 68.02 1.06 
HVFA-R4-7-3 65.36 1.33 0.96 
CC-R4-5-I I 08.45 1.55 1.23 
CC-R4-5-2 101.8 1 69.86 1.46 88.29 1.15 
CC-R4-5-3 94.06 43.59 1.35 1.07 HVFA-R4-5-l 97.89 1.45 1.14 
HVFA-R4-5-2 9 1.53 67.68 1.35 86.23 L.06 






















Figure 7.6 - Comparison of strength calculations by ACJ 3 18-08 using Equations 7-2 and 
7-5 
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Several design procedures have been developed recently based on the truss model 
to economize on the design of the stirrup reinforcement. One of these procedures utilizes 
a variable angle of inclination of the diagonals. In this case, the inclination of the truss 
diagonals is allowed to differ from 45 degrees within certain limits suggested on the basis 
of the theory of plasticity (ACI 445R-99, 2009). This approach is referred to as the 
"standard truss model with. no concrete contribution" and is explained by the existence of 
aggregate interlock and dowel forces in the cracks, which allow a lower inclination of the 
compression diagonals and the further mobilization of the stirrup reinforcement. It is 
important to clarify that the original truss model does not account explicitly for the 
components of the shear failure mechanism, such as the aggregate interlock and friction, 
dowel action of the longitudinal reinforcement, and shear carried across uncracked 
concrete (Kim and Park, 1996). 
7.2.2. AASHTO LRFD Bridge Design Specifications. The AASHTO LRFD 
(2004) method is known as the Sectional Design Model, and is based on the Modified 
Compression Field Theory (MCFT). The MCFT can be explained as a truss model in 
which the shear strength is the sum of the steel and concrete contributions. The main 
difference from a classic truss model with concrete contribution is that the concrete 
contribution in the MCFT is the vertical component of the shear stress transferred across 
the crack and not the diagonal cracking strength, as considered in the ACI 318-08 
approach. 
Cladera (2002) highlighted the main differences between the truss model and the 
MCFT concrete contributions: 
• The truss model concrete contribution is considered equal to the shear strength of 
a similar beam without shear reinforcement. The MCFT takes into account a 
concrete contribution based on the actual collapse mechanism of a RC beam. 
• The truss model concrete contribution does not vary with the amount of the 
transverse reinforcement. The MCFT concrete contribution depends on the crack 
width. The more shear reinforcement, the lesser the crack width, and the greater 
the concrete contribution. 
The cracked web of a reinforced concrete beam transmits shear in a complex 
manner. As the load increases, new cracks form while preexisting cracks spread and 
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change inclination. The truss model neglects tensile stresses in the diagonally cracked 
concrete. Before carrying out any shear capacity calculation using the truss model, it is 
necessary to know the crack angle (8). The MCFT determines the angle 8 by considering 
the deformations of the transverse reinforcement, the longitudinal reinforcement, and the 
diagonal stressed concrete. This is one of the main advantages of this approach because it 
accounts for the presence of a flatter crack angle instead of the conservative assumption 
of a 45 degrees angle. 
In the AASHTO LRFD (2004 ), the nominal shear resistance (Vn) can be computed 
using Equations 7-8 to 7-10. The minimum shear reinforcement (Av,min) required is 
given by the limit shown in Equation 7-11. The transverse reinforcement provided in the 
test specimens with stirrups met the minimum requirements established by the AASHTO 
LRFD (2004), Equation 7-11. 





where, Vv is the vertical component of the prestressing force, f3 is the factor indicating the 
ability of diagonal cracked concrete to transmit tension, f' c is the concrete compressive 
strength (ksi), bv is the effective width of the web taken as the minimum web width 
within the depth, dv is the effective shear depth taken as the greater of 0.9d or 0.72h, /y 
is the yield strength of the transverse reinforcement (ksi), and 8 is the angle of inclination 
of the diagonal compressive struts. 
Av,min ~ 0.0316fi'c b;; (7-11) 
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For sections containing at least the minimum amount of transverse reinforcement, 
the values of /] and e may be found using Equations 7-12 and 7-13. The strain in the 
longitudinal tension reinforcement (Ex) may be computed using Equation 7-14. 
/] 4.8 
- 1+750£x 
e = 29 + 3500Ex 
~u+O.SNu+(Vu-Vp)-Aps[po 





where, Nu is the factored axial force, Aps is the area of prestressing steel on the flexural 
tension side, [po is computed by the modulus of elasticity of the prestressing tendons (Ep) 
times the locked difference in strain at ultimate load between the prestressing tendons and 
the surrounding concrete, and A5 is the area of non-prestressed steel on the flexural 
tension side. 
When sections do not contain at least the minimum amount of shear 
reinforcement, the value of/] can be computed using Equation 7-15 instead. The crack 
spacing parameter (Sxe) can be calculated using Equation 7-16. 





xe a9 +0.63 
(7-15) 
(7-16) 
where, Sx is the lesser of either dv or the maximum distance between layers of 
longitudinal crack control reinforcement, and a9 is the maximum aggregate size in 
inches. 
For the specimens without transverse reinforcement, Table 7.3 contains the shear 
strengths calculated using the AASHTO LRFD (2004) procedures, the full-scale results, 
and the ratios of experimental-to-predicted values. Figure 7.7 presents the ratios of 
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experimental-to-predicted values. As shown in Figure 7.7, the ratios of experimental-to-
calculated values are relatively close to one. The value for the CC specimens range from 
0.86 to 1.70 with an average of 1.1 1. The value for the HVFA concrete specimens range 
from 0.66 to 1.53 with an average of 1.06. For longitudinal steel ratios less than 3%, the 
values for the CC specimens range from 0.86 to 1.48 with an average of 1.03, while the 
values for the HVFA concrete specimens range from 0.8 1 to 1.29 with an average of 
1.02. These values are very consistent between concrete types, indicating that the 
AASHTO LRFD equations appear to be equally applicable to HVFA concrete. 
Table 7.3- Summary of experimental and calculated results for beams without stirrups 
using the AASHTO LRFD approach 
Specimen Vtest Vc (kips) (} (0) Vtest - -(kips) Equation 7-9 Vr 
CC-Rl-NS-1 29.69 34.38 32. 1 0.86 
CC-RI -NS-2 29. 16 33.32 32.0 0.87 
HVFA-R1 -NS-1 26.96 28.47 31.8 0.95 
HVFA-R1-NS-2 23.87 29.46 3 1.5 0.81 
CC-R2-NS- l 37.23 31.58 32.2 1. 18 
CC-R2-NS-2 30.46 32.76 3 1.7 0.93 
HVFA-R2-NS-l 27.69 28.16 31.4 0.98 
HVFA-R2-NS-2 25.36 28.65 31.2 0.89 
CC-R3-NS-l 47.47 32.08 32.1 1.48 
CC-R3-NS-2 31. 10 35.80 3 1.0 0.87 
HVFA-R3-NS-1 36.47 28.2 1 3 1.4 1.29 
HVFA-R3-NS-2 34.66 28.42 3 1.3 1.22 
CC-R4-NS-l 68.61 40.38 31.7 1.70 
CC-R4-NS-2 45.80 45.2 1 30.8 1.01 
CC-R4-NS-3 49.04 44.33 3 1.0 1.11 
HVFA-R4-NS-1 26.14 39.66 30.0 0.66 
HVFA-R4-NS-2 50.76 33.24 31.0 1.53 
















Figure 7.7- Comparison of strength calculations for specimens without stirrups by 
AASHTO 
For the specimens with transverse reinforcement, Table 7.4 contains the shear 
strengths calculated using the AASHTO LRFD (2004) procedures, the full-scale results, 
and the ratios of experimental-to-predicted values. Figure 7.8 presents the ratios of 
experimental-to-predicted values. The values for the CC specimens range from 1.02 to 
1.27 with an average of 1.18. The values for the HVFA concrete specimens range from 
0.85 to 1.1 8 with an average of 1.02. For longitudinal steel ratios less than 3%, the values 
for the CC specimens range from 1.15 to 1.27 with an average of 1.20, while the values 
for the HVF A concrete specimens range from L .02 to l . 18 with an average of 1.12. These 
value are relatively consistent between concrete types, indicating that the AASHTO 
LRFD equations appear to be equally appl icable to HVFA concrete, although a slight 
modification may be required due to the values falling slightly below one for the HVFA 
specimens. 
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Table 7.4- Summary of experimental and calculated results for beams whh stirrups using 
the AASHTO LRFD approach 
Specimen Vtest Vc (kips) Vs (kips) Vn=l'c+Vs 8 (0) Vtest (kips) Equation 7-9 Equation 7-10 Equation 7-8 Vn 
CC-R3-7-l 75.02 26.38 38.89 65.27 33.9 1.15 
CC-R3-7-2 80.80 25.38 38.34 63.72 34.3 1.27 
CC-R3-7-3 77.37 25.97 38.67 64.63 34.1 1.20 
HVFA-R3-7-l 65.09 23.77 39.86 63.63 33.3 1.02 
HVFA-R3-7-2 71.91 22.64 39.19 61.83 33.7 1.16 
HVFA-R3-7-3 72.85 22.49 39.10 61.59 33.8 1.18 
CC-R4-7-I 91.68 36.09 43.73 79.82 32.7 I. I 5 
CC-R4-7-2 97.62 35.09 43.33 78.42 32.9 L.24 
CC-R4-7-3 97.87 35.05 43.32 78.37 32.9 1.25 
HVFA-R4-7-1 60.60 25.65 45.88 71.54 31.4 0.85 
HVFA-R4-7-2 72.06 24.10 45.07 69.17 31.9 1.04 
HVFA-R4-7-3 65.36 24.99 45.54 70.53 31.6 0.93 
CC-R4-5-1 108.45 29.44 59.68 89. 12 33.3 1.22 
CC-R4-5-2 101.81 30.33 60.28 90.61 33.1 1.12 
CC-R4-5-3 94.06 31.44 61.00 92.44 32.7 1.02 
HVFA-R4-5-I 97.89 28.32 60.64 88.97 32.9 1.10 
HVFA-R4-5-2 91.53 29.19 61.24 90.42 32.6 1.01 
HVFA-R4-5-3 81.27 30.70 62.21 92.90 32.2 0.87 
Shear strength calculations using the AASHTO LRFD (2004) approach seem to 
estimate the shear capacity of the specimens more accurately than the ACI 318-08 
approach. The AASHTO LRFD approach seems to be sensitive to large longitudinal 
reinforcement ratios as observed with some of the results in Table 7.4. For larger 
longitudinal reinforcement ratios, this longitudinal reinforcement could not yield, and the 
failure, for larger amounts of stirrups, is then governed by crushing of the concrete. This 
failure could be explained as a result of the tensile stresses in the cracked concrete that 
stiffen the element, reduce the concrete strains, and make it possible to resist larger shear 
stresses before failure (ACI 445R-99). 
Additional factors that make the AASHTO LRFD approach more accurate than 
the ACI 318-08 approach are the incorporation of two parameters, f3 and 8, that aid in a 
better understanding of the shear behavior of the specimens. First, the contribution of the 
concrete that is calculated with Equation 7-9 accounts for the ability of diagonally 
cracked concrete to transmit tension and shear by incorporating the parameter f3. The 
211 
AASHTO LRFD (2004) approach does not evaluate the concrete contribution based on 
the diagonal cracking load as in ACI 318-08. In the AASHTO LRFD approach, the 
concrete contribution is taken as a measure of the concrete contribution at the ultimate 
condition. Second, and probably the most important reason, the AASHTO LRFD 
approach introduces the use of a variable angle truss model. The ACI 318-08 approach is 
very conservative and uses a 45-degree parallel chord truss model to calculate the 
transverse reinforcement contribution to the shear strength. ln the general procedure of 
the AASHTO LRFD, the crack angle can be taken as ranging from 18.1 to 43.9 degrees. 
Kuchma (2009) reported that, for instance, since the cotangent of 18. 1 degrees is 3.06, a 
given amount of stirrups can be calculated by the AASHTO LRFD approach to provide 
about three times as much shear capacity as would be calculated by the ACI 3 18-08 
approach. The calculation of the crack angle ((}) is highly dependent of the longitudinal 
strain which accounts for the influence of moment, axial load, prestressing, and amount 

















Figure 7.8 - Comparison of strength calculations for specimens with stirrups by 
AASHTO 
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Independently of the type of concrete, the AASHTO LRFD approach presents 
similar trends for specimens with the same longitudinal and transverse reinforcement 
ratio, and similar compressive strength, which means that this approach appears to be 
equally applicable to HVFA concrete. 
7.2.3. Canadian Standards Association, CSA A23.3-04. The Canadian 
Standards Association approach is also based on the MCFT. In the CSA A23.3-04 
approach, the nominal shear resistance CVn) can be computed using Equations 7-17 to 7-
19. The minimum shear reinforcement (Av,min) required is given by the limit shown in 
Equation 7-20. The CSA A23.3-04 approach is almost identical to the AASHTO LRFD 
approach with only slight variations in the equations. At the end, the results obtained by 
both approaches are essentially identical. 






For sections containing at least the minimum amount of transverse reinforcement, 
the values of f3 and 8 may be found using Equations 7-21 and 7-22. The longitudinal 
strain (Ex) at mid-depth may be computed using Equation 7-23. 
0.40 1300 
{3 = 1+1500Ex. 1000+Sze (7-21) 
8 = 29 + 7000Ex (7-22) 
(7-23) 
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where, Sze is the crack spacing parameter. For sections containing at least the minimum 
transverse reinforcement required by Equation 7-20, Sze should be taken as 11.8 in. 
When sections do not contain at least the minimum amount of shear 
reinforcement, the value of f3 can be computed using Equation 7-21, with a variation in 
Sze that must be calculated using Equation 7-24. 
35Sz 
s =--ze 15+a g 
(7-24) 
The term a9 should be taken as zero iff' c exceeds 10,150 psi. The crack spacing 
parameter Sz can be taken as dv or as the maximum distance between layers of 
distributed longitudinal reinforcement, whichever is less. Each layer of reinforcement 
must have an area at least equal to 0.003bvSz. However, Sze ;?:: 0.85Sz. 
For the specimens without transverse reinforcement, Table 7.5 contains the shear 
strengths calculated using the CSA A23.3-04 procedures, the full-scale results, and the 
ratios of experimental-to-predicted values. Figure 7.9 present the ratios of experimental-
to-predicted values. As shown in Figure 7.9, the ratios of experimental-to-calculated 
values are relatively close to one. The values for the CC specimens range from 0.87 to 
1.71 with an average of 1.12. The values for the HVFA concrete specimens range from 
0.66 to 1.51 with an average of 1.05. For longitudinal steel ratios less than 3%, the values 
for the CC specimens range from 0.89 to 1.49 with an average of 1.08, while the values 
for the HVFA concrete specimens range from 0.83 to 1.30 with an average of 1.01. 
For the specimens with transverse reinforcement, Table 7.6 contains the shear 
strengths calculated using the CSA A23.3-04 procedures, the full-scale results, and the 
ratios of experimental-to-predicted values. The transverse reinforcement provided in the 
test specimens met the minimum requirements established by the CSA A23.3-04. Figure 
7.10 present the ratios of experimental-to-predicted values. The values for the CC 
specimens range from 1.03 to 1.27 with an average of 1.19. The values for the HVFA 
concrete specimens range from 0.85 to 1.18 with an average of 1.02. For longitudinal 
steel ratios less than 3%, the values for the CC specimens range from 1.15 to 1.27 with an 
average of 1.20, while the values for the HVF A concrete specimens range from 1.02 to 
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1.18 with an average of 1.12. These values are very close to those obtained using the 
AASHTO LRFD (2004) approach. Both the CSA A23.3-04 and the AASHTO LRFD are 
based on MCFf theory with no major differences. 
Table 7.5 -Summary of experimental and calculated results for beams without stinups 
using the CSA A23.3-04 approach 
Vtest 
Vc (kips) Vtest Specimen Equation 7- 8 (0) --(kips) 18 Vc 
CC-Rl-NS-1 29.69 33.48 32.1 0.89 
CC-Rl -NS-2 29.16 32.45 32.0 0.90 
HVFA-Rl-NS-1 26.96 27.72 31.8 0.97 
HVFA-Rl-NS-2 23.87 28.69 31.5 0.83 
CC-R2-NS-1 37.23 31.32 32.3 1.19 
CC-R2-NS-2 30.46 32.56 31.7 0.94 
HVFA-R2-NS-l 27.69 27.92 31.4 0.99 
HVFA-R2-NS-2 25.36 28.48 31.4 0.89 
CC-R3-NS-l 47.47 31.89 32.1 1.49 
CC-R3-NS-2 31.10 35.59 31.0 0.87 
HVFA-R3-NS- l 36.47 28.04 31.2 1.30 
HVFA-R3-NS-2 34.66 28.25 31.4 1.23 
CC-R4-NS- 1 68.61 40.24 31.7 1.71 
CC-R4-NS-2 45.80 45.87 30.8 1.00 
CC-R4-NS-3 49.04 44.98 31.0 1.09 
HVFA-R4-NS-1 26.14 39.52 30.0 0.66 
HVFA-R4-NS-2 50.76 33.72 31.0 1.51 
HVFA-R4-NS-3 42.97 35.36 30.7 1.21 
As observed in the AASHTO LRFD approach, the shear strength calculations 
using the CSA A23.3-04 approach seem to estimate the shear capacity of the specimens 
more accurately than the ACI 318-08 approach. The CSA A23.3-04 approach seems also 
to be sensitive to large longitudinal reinforcement ratios as observed with some of the 
results in Table 7.6. For larger longitudinal reinforcement ratios, this longitudinal 
reinforcement could not be yield, and the failure, for larger amounts of stirrups, is then 
governed by crushing of the concrete. 
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The CSA A23.3-04 approach seems to be also more reliable than the ACI 3 18-08 
approach. First, the contribution of the concrete that is calculated with Equation 7-18 
accounts for the ability of diagonally cracked concrete to transmit tension and shear by 
incorporating the parameter f3. The CSA A23.4-04 approach does not evaluate the 
concrete contri bution based on the diagonal cracking load as the ACI 318-08 does. In the 
CSA A23.3-04 approach, the concrete contribution is taken as a measure of the concrete 
contribution at the ultimate condition, as it is done in the AASHTO LRFD approach. 
Second, the CSA A23.3-04 approach also introduces the use of a variable angle truss 
model. The values of crack angles obtained with the CSA A23.3-04 are consistent with 
those obtained using the AASHTO LRFD approach. 
Independently of the type of concrete, the CSA A23.3-04 approach presents 
similar trends for specimens with the same longitudinal and transverse reinforcement 
ratio, and similar compressive strength, which means that this approach appears to be 
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Figure 7.9- Comparison of strength calculations for specimens without stirrups by CSA 
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Table 7.6- Summary of experimental and calculated results for beams with stirrups using 
the CSA A23.3-04 approach 
Specimen Vtest Vc (kips) (kips) Equation 7-18 
CC-R3-7-l 75.02 26.50 
CC-R3-7-2 80.80 25.49 
CC-R3-7-3 77.37 26.08 
HVFA-R3-7-I 65.09 23.87 
HVFA-R3-7-2 7 1.91 22.73 
HVFA-R3-7-3 72.85 22.59 
CC-R4-7-I 9 1.68 35.62 
CC-R4-7-2 97.62 34.62 
CC-R4-7-3 97.87 34.58 
HVFA-R4-7-I 60.60 25.42 
HVFA-R4-7-2 72.06 23.85 
HVFA-R4-7-3 65.36 24.74 
CC-R4-5- I I 08.45 29.02 
CC-R4-5-2 101.81 29.91 
CC-R4-5-3 94.06 31.03 
HVFA-R4-5-I 97.89 27.94 
HVFA-R4-5-2 9 1.53 28.8 1 














Vs (kips) Vn=Vc+Vs () (0) Vtest 
Equation 7-19 Equation 7-17 Vn 
38.89 65.39 33.9 1.15 
38.34 63.83 34.3 l.27 
38.67 64.74 34. 1 1.20 
39.86 63.73 33.3 1.02 
39.19 61.92 33.7 1.16 
39. 10 61.68 33.8 1.18 
43.49 79. 11 32.8 1.16 
43.08 77.70 33.0 1.26 
43.06 77.64 33.1 1.26 
45.71 71. 13 3 1.5 0.85 
44.87 68.72 32.0 1.05 
45.36 70.10 31.7 0.93 
59.29 88.31 33.5 1.23 
59.91 89.83 33.2 1.13 
60.65 91.69 32.9 1.03 
60.29 88.23 33.1 1.11 
60.90 89.71 32.8 1.02 
6 1.90 92.24 32.4 0.88 
----- --
Figure 7.10 - Comparison of strength calculations for specimens with stirrups by CSA 
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7.3. MODIFIED COMPRESSION FIELD THEORY ANALYSIS 
In addition to a direct comparison between the test results and predicted capacities 
implemented in the previous section, this section includes a comparison of the different 
factors that influence the design code shear capacities - such as critical crack angle and 
longitudinal strain - by examining the values measured during the tests with those 
calculated using the design codes. 
Vecchio and Collins (1986) developed the MCFT using equilibrium, 
compatibility, average stress-strain relationships for diagonally cracked concrete, and 
stress-strain relationships for reinforcement. The method requires determination of a 
compatible set of inclined crack spacing, crack width, crack inclination angle, and 
average tensile strain across the cracks. This set of compatible deformations is used to 
determine both the average principal tensile stresses across the cracks and the principal 
compressive stresses in the direction of the cracks. Vecchio and Collins assumed that the 
principal directions of strains and stresses coincide. Using this method requires a moment 
at which the shear strength is calculated. 
Although the method is based on equilibrium and strain compatibility of the cross 
section and seems to calculate shear strengths consistent with the measured strengths, it 
has some disadvantages. The method was calibrated by using data from steel reinforced 
concrete members. For a reinforced concrete beam without transverse reinforcement, the 
calculated shear strength by the MCFf is very sensitive to the crack width and crack 
spacing values used in the calculations (Tureyen, 2001). Considerable scatter is expected 
in crack widths. The crack spacing cannot be accurately calculated analytically. Since the 
calculations are sensitive to these variables, which are known to exhibit considerable 
variation, the reliability of the shear calculations using this method is questionable. 
Since one of the main advantages of the MCFf is the variable crack angle (8) that 
1s calculated based on the strain in the longitudinal reinforcement, experimentally 
measured crack angles will be compared to the results obtained using the MCFT 
approach. The objective of this comparison is to establish if the MCFT approach to 
calculate crack angles in conventional concrete specimens is applicable to specimens 
constructed ofHVFA concrete. Table 7.7 summarizes the experimentally measured crack 
angle values (see Section 6.2 for a description of the procedure) and the crack angle 
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values using the MCFT approach. These values were calculated using the tables and 
graphs introduced in the AASHTO LRFD (2004) as design aids. Table 7.7 also presents 
in the last column the failure mode for all specimens, where S and F stand for shear 
failure and flexural failure, respectively. 
To facilitate a discussion of the results, Figure 7.11 presents the difference 
between the measured and calculated crack angles for all specimens (positive if the 
measured angle exceeded the calculated angle and negative if the calculated angle 
exceeded the measured angle). Figure 7.12 presents only the results for the CC 
specimens, while Figure 7.13 presents the results for the HVFA concrete specimens. 
In comparing Figures 7.12 and 7.13, the CC specimens exhibited a noticeably 
smaller variation between the measured and calculated crack angles. For the CC 
specimens, 9 of the 18 beams had a difference between the measured and calculated 
crack angles of only 2°, with 14 of the 18 beams within 4° and a maximum difference of 
6°. Conversely, for the HVFA specimens, only 4 of the 18 beams had a difference 
between the measured and calculated crack angles of only 2°, with 8 of the 18 beams 
within 4 ° and a maximum difference of 11 °. However, less variation occurred for those 
HVFA concrete specimens with longitudinal steel ratios below 3% (a practical upper 
bound). For these specimens, 3 of the 9 beams had a difference between the measured 
and calculated crack angles of only 2°, with 6 of the 9 beams within 4° and a maximum 
difference of 11 o. A difference of 10° on the critical crack angle would significantly 
affect the results of the calculations for specimens containing transverse reinforcement. 
For instance, considering that the expression to calculate the contribution from the 
stirrups C'Vs) shown in Equation 7-10 varies with the value of the cot 8, a difference of 1 oo 
would drop the value of Vs about 30% when the angle changes from 30° to 40°. It is also 
important to note that the variation in crack angle difference was consistent for specimens 
both with and without transverse reinforcement for a given concrete type. 
Part of this discussion must also address the methodology used to measure the 
crack angle experimentally. In this study, the majority of specimens presented a critical 
diagonal crack that was easily identified and where the angle was measured. However, a 
couple of specimens presented a very wide distribution of cracks that could be considered 
critical. This result occurred primarily in the specimens that failed in flexure. When there 
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is more than one possible critical crack, the angle measured is based on the judgment of 
the individual taking the measurement. 
Table 7.7- Experimental crack angle and failure mode 
Angle of critical crack Failure Specimen (0) 
mode Measured Calculated 
CC - Rl - NS - l 35 32. 1 s 
CC - Rl -NS -2 29 32.0 s 
HVFA - Rl - NS-1 28 31.8 s 
HVFA - R1 -NS-2 34 31.5 s 
CC - R2-NS- l 26 32.2 s 
CC - R2 - NS - 2 30 31.7 s 
HVFA - R2 - NS-l 29 31.4 s 
HVFA - R2-NS-2 33 31.2 s 
CC - R3 - NS -1 27 32.1 s 
CC - R3 - NS-2 29 31.0 s 
HVFA - R3 - NS- 1 31 31.4 s 
HVFA - R3 -NS- 2 24 31.3 s 
CC - R4 - NS-l 29 31.7 s 
CC - R4 - NS - 2 29 30.8 s 
CC - R4 -NS -3 31 31.0 s 
HVFA - R4-NS -1 40 30.0 s 
HVFA - R4 -NS -2 40 31.0 s 
HVFA - R4 -NS-3 36 30.7 s 
CC - R3-7 -l 33 33.9 s 
CC - R3 -7-2 34 34.3 s 
CC-R3 -7-3 29 34.1 s 
HVFA - R3 -7- 1 38 33.3 s 
HVFA-R3 -7-2 32 33.7 s 
HVFA - R3 - 7 - 3 23 33.8 s 
CC- R4 - 7 - 1 33 32.7 s 
CC - R4 - 7 -2 35 32.9 s 
CC - R4 - 7 -3 33 32.9 s 
HVFA- R4 - 7- 1 37 31.4 s 
HVFA-R4 -7-2 27 31.9 s 
HVFA - R4 -7-3 32 31.6 s 
CC - R4 -5- l 31 33.3 F 
CC - R4-5 - 2 27 33. 1 F 
CC-R4-5 -3 32 32.7 s 
HVFA-R4-5-1 30 32.9 F 
HVFA - R4 -5- 2 26 32.6 s 
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measured and calculated crack angles for HVFA 
concrete specimens 
The next design parameter compared with the test specimen data involved the 
longitudinal strain. The longi tudinal strain is used in the MCFT model to calculate the 
crack angle and is calculated based on the amount of longitudinal reinforcement and the 
moment and shear acting on the section. The specimens of this study were instrumented 
with electrical gauges on the longitudinal reinforcement to measure the strain. This strain 
was measured at two different locations as described in Section 5.6 of this document. The 
first one was located approximately at the center of the test region, and the other one was 
located at the center of the beam. To illustrate these locations, Figure 7.14 presents an 
example with the location of the electrical strain gauges in specimen HVFA-R3-7-2. 
The electrical strain gauges were installed on the bottom layer of the tension 
reinforcement, thus the values needed to be adjusted to the strain at the effective depth 
(d), which is the location used in the MCFT approach. By means of the readings from the 
electrical strain gauges located on both the compression and tension reinforcement, the 
strain values were shifted to the value corresponding to the effective depth. Figure 7.15 
presents a graphic representation of this approach. The top (£' 5 ) and bottom (£5m) 
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longitudinal strains are the experimental results measured by the sensors. The value of c, 
which is the distance from the extreme compression fiber to the neutral axis, was 
calculated based on similar triangles. Finally, the longitudinal strain at d is calculated 
(c5 ), and this value is the one compared to those calculated by the MCFf approach. 
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Figure 7. 15- Strain distribution from electrical gauges 
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Table 7.8 summarizes the experimentally measured longitudinal strain at both 
locations, and the longitudinal strain calculated using the MCFT approach. These values 
were calculated using the tables and graphs introduced in the AASHTO LRFD (2004) as 
design aids. Some of the experimental values were omitted due to faulty readings from 
the electrical gauges as a resu lt of damage in the sensor during the construction of the 
specimens. The abbreviation NR (no reading) will be found in Table 7.8 for these cases. 
Table 7.8 - Experimental and theoretical longitudinal strains 
Specimen Experimentallon}?itudinal strain MCFT Center of test region Center of the beam longitudinal strain 
CC-R I -NS- 1 0.00079 0.00113 0.00088 
CC-RI-NS -2 0.00081 0.001 19 0.00086 
HVFA -RI-NS-1 0.00052 0.00099 0.00080 
HVF A- R 1 - NS - 2 0.00048 0.00092 0.00070 
CC-R2-NS- I 0.0009 1 0.0011 8 0.00093 
CC-R2-NS -2 0.00062 0.00102 0.00076 
HVFA-R2-NS-I 0.00053 0.00098 0.00069 
HVFA- R2-NS- 2 0.00060 0.00096 0.00063 
CC-R3 -NS -1 0.00141 0.00129 0.00089 
CC-R3-NS-2 0.00048 0.00101 0.00058 
HVFA - R3 - NS - I 0.00089 0.00100 0.00068 
HVFA - R3 -NS -2 0.00067 0.00094 0.00065 
CC-R4-NS -2 NR NR 0.00052 
CC-R4-NS -3 0.00101 0.00105 0.00056 
HVFA - R4 - NS -2 0.00086 0.00101 0.00058 
HVFA - R4 - NS - 3 0.00076 0.00085 0.00049 
CC -R3 -7-2 0.00192 0.00229 0.0015 1 
CC-R3 -7-3 0.00188 0.00221 0.00145 
HVFA - R3 - 7 - 2 0.00152 0.00223 0.00134 
HVF A - R3 - 7 - 3 0.00170 0.00205 0.00136 
CC -R4-7 -2 0.00138 0.00212 0.00111 
CC -R4-7 -3 0.00126 0.00169 0.00111 
HVFA-R4-7 -2 0.00124 0.00148 0.00082 
HVFA -R4-7-3 0.001 10 0.00130 0.00074 
CC-R4-5 -2 NR NR 0.00116 
CC- R4-5 -3 0.00212 NR 0.00107 
HVFA-R4- 5-2 0.00127 0.00170 0.00104 
HVFA- R4-5 -3 0.00140 0.00162 0.00093 
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One important consideration that must be addressed before any comparison is the 
fact that the longitudinal strains calculated using the MCFT account for the dual action of 
the moment and shear acting on the section. The values of longitudinal strain measured at 
the center of the test region were expected to be closer to the values calculated using the 
MCFT since they are at approximately the same location. This is the reason why the 
comparison is based only on the values at the center of the test region. For discussion 
purposes, Figure 7. 16 presents the difference between the measured and calculated 
longitudinal strains for all specimens (positive if the measured strain exceeded the 
calculated strain and negative if the calculated strain exceeded the measured strain) . 
Figure 7.17 presents only the results for the CC specimens, while Figure 7.18 presents the 
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Figure 7.18 - Difference between measured and calculated longitudinal strains for HVFA 
concrete specimens 
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The following conclusions were drawn based on observations of these plots. First, 
the difference in strain seems to be lower in the absence of stirrups for both types of 
concretes. Second, both concretes present the same trend for specimens with the same 
amount of transverse and longitudinal reinforcement. Third, for specimens made of the 
same concrete, there is a trend in the difference of strains that varies with the amount of 
longitudinal reinforcement. For the first part of the plot in the specimens without 
transverse reinforcement, the difference in strains increases from negative to positive 
values with increments in longitudinal reinforcement. The trend continues and maintains 
the same behavior for specimens with transverse reinforcement. Increments in both 
transverse and longitudinal reinforcements seem to have an effect on the difference in 
strains which continues to increase as observed in Figure 7.17 and 7.18. 
The MCFT approach had a higher variability in crack angle for the HVFA 
concrete specimens compared to the CC specimens, while the longitudinal strains were 
very consistent between the two concretes. This statement could be considered 
inconsistent because in the MCFT approach, the crack angle is calculated based on the 
longitudinal strain. Since the MCFf was calibrated by using data from reinforced 
concrete members made of CC, a special calibration may be required for HVFA concrete 
specimens, or any other type of specialty concrete. Part of this calibration should include 
specimens without transverse reinforcement to determine if the compatibility equations of 
the MCFT apply to members with and without transverse reinforcement. 
7.4. FRACTURE :MECHANICS APPROACH 
The following section discusses the experimental results of the calculation of 
fracture energy for both types of concrete. In addition to a direct comparison between 
fracture energies, this section compares the full-scale test results to the shear capacities 
determined using fracture mechanics approaches for specimens both with and without 
stirrups. 
7.4.1. Fracture energy. The purpose of the fracture energy experimental 
program was to compare values of fracture energy between CC and HVF A concrete. 
Previous researchers indicated a potential for decreased fracture energy for concrete 
mixes containing very high levels of fly ash replacement (Brooks and Sikharulidze, 1992; 
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Padevet and Zobal, 2011). As presented in Section 6.5 of this document, the fracture 
energy was calculated for both types of concrete using two different approaches - the 
work-of-fracture method (WPM) and the two parameter method (TPM). 
The first approach examined the WPM, which is based on the point load 
deflection (PLD) plot and defines the fracture energy ( Gp) as the area under the curve. 
These experimental values were compared to two different expressions found in the 
literature. The first, presented as Equation 7-25, is a relationship proposed by the CEB-
FIP Model Code (1990). The second, presented as Equation 7-26, is a relationship 
proposed by Bazant and Becq-Giraudon (2002). Both expressions are formulated to 
calculate values of fracture energy comparable to results from the TPM, which defines 
fracture energy ( G1) slightly differently than in the WPM. However, previous studies 
(Ghaemmagharni and Ghaemian, 2004; Einsfeld and Velasco, 2005) have determined an 
approximately linear relationship between the fracture energies calculated from the WPM 
and TPM as shown in Equation 7-27. 
(
ft )0.7 G1 = ( 0.0469d~99 - 0.5da99 + 26) 1 ; 
( 
f'c )0.40 ( Dmax )0.43 (w)-0.18 G1 = 0.0143a0 - 1 + -- -8.41 0.0763 c 




where dagg and Dmax represent the maximum aggregate size, f' c is the compressive 
strength of the concrete, a 0 is an aggregate shape factor (a0 = 1 for rounded aggregate, 
and a0 = 1.12 for angular aggregate), and~ is the water-to-cement ratio of the concrete. c 
The experimental results and the calculated values of fracture energy using both 
expressions are presented in Table 7. 9. Figures 7.19 to 7.21 present a graphical 
comparison of the results. The experimental values for the HVF A concrete specimens 
range from 1.15 to 1.32 lb/in. with an average of 1.22 lb/in. for the first group, and range 
from 1.70 to 2.54 lb/in. with an average of 2.20 lb/in. for the second group. The 
experimental values for the CC specimens range from 1.48 to 1.90 lb/in. with an average 
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of 1.69 lb/in. The calculated values were obtained using the properties shown in Table 
7.1 0. Although both HVF A concrete mixes were designed with the same water-to-
cementitious material ratio (w I em), the concrete used in the HVFA-2 group was 
considerably drier at delivery. Consequently, thew I em was measured in the lab using the 
AASHTO T 381 (2002) test method, "Water Content of Freshly Mixed Concrete Using 
Microwave Oven Drying". The result was considerably lower as reported in Table 7.10, 
and the compressive strength was higher, as expected for a lower w I em . 
As observed in Figures 7.19 to 7.21, the fracture energy values are very consistent 
with the expression formulated by Bazant and Becq-Giraudon. The CEB-FIP expression 
seems to consistently underestimate the values of fracture energy, which could be the 
result of not considering the water-to-cement ratio as a parameter in the equation. 
Although it is clear that lower water-to-cement ratios provide higher compressive 
strengths, a linear relationship does not exist between these two parameters (Neville, 
1997). In examining Figures 7.19 to 7.21, it can be observed that HVFA concrete has a 
comparable fracture energy value to that of the CC, and that the existing equations to 
calculate the value of fracture energy in CC are equally applicable to HVFA concrete. 
Based on the experimental results, the compressive strength seems to be responsible for 
lower or higher fracture energy values no matter what type of concrete is under 
evaluation. The water-to-cement ratio must be included to account for properties of the 
paste that cannot be evaluated only with the compressive strength. 
The second approach examined the TPM, which is based on the crack mouth 
opening displacement (CMOD) plot and defines the fracture energy (G1) by means of the 
loading and unloading compliances. These experimental values were also compared to 
the expression found in the CEB-FIP Model Code and that proposed by Bazant and Becq-
Giraudon. Both expressions are formulated to calculate values of fracture energy directly 
comparable to results from the TPM approach. The reason for considering a second 
approach was to evaluate both fracture energies independently in the same test set-up, 
and to address any possible contradictions in the results. 
The experimental results and the calculated values of fracture energy using both 
expressions are presented in Table 7 .11. Figures 7.22 to 7.24 present a graphical 
comparison of the results. The values for the HVFA concrete specimens range from 0.08 
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to 0.13 Jb/in. with an average of 0.11 lb/in. for the first group, and range from 0.12 to 
0.24 lb/in. with an average of 0.19 lb/in. for the second group. The values for the CC 
specimens range from 0.10 to 0.18 lb/in. with an average of 0.13 lb/in. The calculated 
values were obtained using the properties shown in Table 7 .10. 
Table 7.9- Comparison of experimental and theoretical fracture energy values for WFM 






























Table 7. 10 - Properties used in the evaluation of theoretical models 
Aggregate size 
Group f'c wlcm (daggr or (psi) Dmax) 
(in.) 
HVFA- l 3,070 0.40 
HVFA-2 6,640 0.30 0.75 
cc 5,670 0.45 
1.80 
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Figure 7.20- WFM fracture energy values for HVFA-2 
• CC-FE-1- 1 • CC-FE-1-2 • CC-FE-1-3 • CC-FE-l-4 • CC-FE-1 5 -1 • CC-FE-1.5-2 
• CC-FE-1.5-3 • CC-FE-1.5-4 • CC-FE-2-1 • CC-FE-2-2 • CC-FE-2-3 • CC-FE-2-4 
Figure 7.21 - WFM fracture energy values for CC 
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Table 7.11- Comparison of experimental and theoretical fractu re energy values for TPM 




HYFA-FE-1-4 0. 12 






HVFA-FE- 1.5-6 0.24 
HVFA-FE-1.5-7 0.24 
HVFA-FE-1.5-8 0.21 
HVFA-2 HVFA-FE-2-3 0.17 0.56 0.80 HVFA-FE-2-4 0.16 
HVFA-FE-2-5 0.18 





CC-FE-1-3 0. 14 
CC-FE-1-4 0.10 
CC-FE-1.5-1 0.18 
cc CC-FE-1.5-2 0.13 0.50 0.70 CC-FE-1.5-3 0.15 
CC-FE-1.5-4 0.1 3 
CC-FE-2-1 0.10 
CC-FE-2-2 0.10 
CC-FE-2-3 0.1 2 
CC-FE-2-4 0.1 3 
As observed in Figures 7.22 to 7.24, the test resul ts calculated using the TPM 
approach vary considerably from the values obtained by the expressions presented in 
Equations 7-25 and 7-26. The test set-up may have resulted in errors in accurately 
measuring the CMOD. Shah and Carpinteri ( 1991) recommend that the CMOD 
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measuring plane should be at the center of the beam width so as to minimize possible 
torsional effect. Unfortunately, due to limitations with the testing equipment avai lable, 
the CMOD measurements made in this study were taken on one side of the beam, as 
described in Section 5.8 of this document. Furthermore, several of the CMOD versus load 
plots indicated measurement problems with the clip-on gauge used to record the crack 
mouth opening. Con equently, since the TPM results consistently underestimate the 
fracture energy for both concrete types, the author feels that the TPM results are in error, 
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Bazant and Becq-Giraudon 
CEB-FIP 
• HVFA-FE- 1.5-5 • HVF A-FE-1 .5-6 • HVFA-FE-1 .5-7 • HVFA-FE- 1.5-8 • HVFA-FE-2-3 


















Figure 7.23- TPM fracture energy values for HYFA-2 
Bazant and Becq-Giraudon 
CEB-FIP 
• CC-FE-1-1 • CC-FE-1-2 • CC-FE-1-3 • CC-FE-1-4 • CC -FE-1.5- l • CC-FE-1.5-2 
• CC-FE-1.5-3 • CC-FE-1.5-4 • CC-FE-2- 1 • CC-FE-2-2 • CC-FE-2-3 CC-FE-2-4 
Figure 7.24- TPM fracture energy values for CC 
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7.4.2. Fracture mechanics approach (FMA). The existence of a size effect in 
the experimental results has driven several researchers to apply fracture mechanics to 
determining the shear strength of reinforced concrete members. Two expressions were 
found in the literature for calculating the concrete contribution to shear strength using a 
fracture mechanics approach. One of these equations is contained in the CEB-FIP Model 
Code and is shown in Equation 7-28. The CEB-FIP expression is an empirical 
formulation and represents a lower bound of the flexural-shear failure. The other 
equation, shown in Equation 7-29, was formulated by Gastebled and May (2001). 
Gastebled and May's expression, based on an analytical derivation related to the energy 
required to extend the splitting crack by a unit length, accounts for the size effect, the 
slenderness of the beam, the reinforcement ratio influence, and the influence of the 
concrete strength. 
Vcr = 150 ( 1 + J¥) · c:i · (100p5 )i · ['~/, · bd (7-28) 
1 2 
Ycr = 150 1~3 · (~~)3 ·(lOOps)~· ( 1- j{i;)3 · f'~·35 · bd (7-29) 
where Ycr is the concrete contribution to the shear strength, b is the width of the web, d is 
the distance from the extreme compression fiber to the center of gravity of the 
longitudinal steel, as is the shear span, Ps is the longitudinal reinforcement ratio and is 
equal to As, As is the area of longitudinal reinforcement, and f' c is the concrete 
bd 
compressive strength. The units have been set as Ycr in kN, f' c in MPa, and a5 , b, and d 
in m. The following assumptions have been made in Gastebled and May's expression, 
daggr is equal to 0.75 in., Es is equal to 29,000 ksi, and the failure is triggered by 
unstable dynamic splitting. This type of failure occurs without further increase in load, 
and at that point, only the fracture energy from the splitting crack is required to estimate 
the failure load. The empirical formula from the CEB-FIP code provides a lower bound 
of the flexural-shear failure, so it corresponds to a dynamic mode of failure. 
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These two expressions were derived based on different assumptions and modes of 
failure, but when comparing them, it is remarkable that the slenderness term and the 
concrete strength terms correspond nearly exactly. The only difference appears to be the 
size effect term, which is due to two reasons reported by Gastebled and May (2001). 
First, the linear elastic fracture mechanics (LEFM) approximation used in the CEB-FIP 
expression does not yield a realistic size effect over the entire range of member sizes. 
Second, the size effect term in the CEB-FIP formula displays a curvature opposite to the 
one predicted by the nonlinear fracture mechanics (NLFM) theory used by Gastebled and 
May. Most importantly, both expressions are based on a fracture mechanics approach and 
the amount of energy necessary to extend the critical splitting crack, and the following 
discussion will evaluate the applicability of these relationships to both CC and HVF A 
concrete. 
For the specimens without transverse reinforcement, Table 7.12 contains the shear 
strengths calculated using both expressions, the full-scale test results, and the ratios of 
experimental-to-predicted values. Figures 7.25 and 7.26 present the ratios of 
experimental-to-predicted values in graphical form for Equations 7-28 and 7-29, 
respectively. As shown in Figure 7.25, the ratios of experimental-to-calculated values for 
Equation 7-28 are greater than one except for one specimen (HVFA-R4-NS-1). The 
values for the CC specimens range from 1.08 to 1.75 with an average of 1.30. The values 
for the HVFA concrete specimens range from 0.80 to 1.56 with an average of 1.23. For 
longitudinal steel ratios less than 3%, the values for the CC specimens range from 1.08 to 
1.61 with an average of 1.25, while the values for the HVFA concrete specimens range 
from 1.06 to 1.44 with an average of 1.23. These values are very consistent between 
concrete types, indicating that Equation 7-28 appears to be equally applicable to HVFA 
concrete. 
As shown in Figure 7.26, the shear strength calculations using Equation 7-29 
present a similar trend compared to that of Equation 7-28. The values for the CC 
specimens range from 1.14 to 2.21 with an average of 1.47. The values for the HVFA 
concrete specimens range from 1.02 to 1.98 with an average of 1.40. For longitudinal 
steel ratios less than 3%, the values for the CC specimens range from 1.14 to 1.81 with an 
average of 1.34, while the values for the HVFA concrete specimens range from 1.08 to 
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1.63 with an average of 1.32. These values are very con i tent between concrete types, 
indicating that Equation 7-29 appears to be equally applicable to HVFA concrete. 
Independently of the type of concrete, both expressions present similar trend for 
specimens with the same longitudinal reinforcement ratio and similar compre sive 
strength, which means that the equations are equally applicable to HVFA concrete. Both 
expressions seem to have sensitivity for large longitudinal reinforcement ratios as ha 
also been observed in the results with ACI 3 18-08, AASHTO LRFD, and CSA A23.3-04. 
Table 7.12 - Summary of experimental and calculated results for beams without stirrups 
using fracture mechanics approaches 
Vtest 
Vc (kips) Vtest Vc (kips) Vtest Specimen Equation 7- Equation 7- --(kips) 28 Vc 29 Vc 
CC-R 1-NS-1 29.69 26.44 1. 12 26.02 1.14 
CC-Rl-NS-2 29.16 25.78 1.1 3 25.33 1.15 
HVFA-Rl-NS-1 26.96 22.75 1.19 22.22 1.21 
HVFA-R1-NS-2 23.87 22.61 1.06 22.07 1.08 
CC-R2-NS-1 37.23 26.76 1.39 25.42 1.46 
CC-R2-NS-2 30.46 26.09 1.17 24.75 1.23 
HVFA-R2-NS-l 27.69 23.02 1.20 21.71 1.28 
HVFA-R2-NS-2 25.36 22.88 1.11 21.56 1.18 
CC-R3-NS-l 47.47 29.46 1.61 26.21 1.81 
CC-R3-NS-2 31.10 28.71 1.08 25.52 1.22 
HVFA-R3-NS- l 36.47 25.34 1.44 22.38 1.63 
HVFA-R3-NS-2 34.66 25.18 1.38 22.23 1.56 
CC-R4-NS-1 68.61 39.20 1.75 3 1. 10 2.21 
CC-R4-NS-2 45.80 39.20 1.17 31.10 1.47 
CC-R4-NS-3 49.04 39.20 1.25 31.10 1.58 
HVFA-R4-NS-1 26.14 32.57 0.80 25.61 1.02 
HVFA-R4-NS-2 50.76 32.57 1.56 25.61 1.98 






























Figure 7.26- Comparison of strength calculations for specimens without stirrups by 
Gastebled and May expression 
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Based on the similar trends observed between both types of concrete using these 
fracture mechanics approaches, it is reasonable to conclude that the fracture energy of 
HVF A concrete is comparable to that of CC. If there was a lower value of fracture energy 
in specimens made of HVF A concrete, there should be a loss in the shear strength 
calculated with these expression that consider directly the effect of the fracture energy. 
Instead, the results are very consistent with the fracture energy calculated with the WPM 
discussed in the previous section. Some researchers have indicated a potential decrease in 
fracture energy for concrete mixes containing high volumes of fly ash. During the full-
scale testing, there was a difference in the sound produced by the failure of the CC and 
HVFA concrete specimens. At failure, when the diagonal crack reached the loading 
point, the CC specimens produced a very loud noise, while the HVFA concrete 
specimens made a very soft, almost inaudible noise. The same result was observed during 
the split cylinder tests, where the failure of the cylinders made of CC produced a very 
loud noise in comparison to the one produced by the HVF A concrete cylinders. This 
aspect could be confused with the release of fracture energy at failure, but this effect 
seems to be mainly a result of compression softening that produced the concrete crushing 
failure observed in some of the HVFA concrete full-scale specimens. Compression 
softening appears to be more complex and sensitive in specimens made of HVF A 
concrete, as will be discussed in Section 7.5. 
For members with transverse reinforcement, the shear strength is based on an 
average shear stress distribution across the entire cross section and is composed of a 
concrete contribution (LI;;) and a steel contribution CVs). The concrete contribution is 
calculated from Equations 7-28 and 7-29 as before. The steel contribution, shown in 
Equation 7-30, is calculated based on a variable angle truss model, constant stirrup 
spacing, and equilibrium considerations. Because of a smaller strut inclination, a larger 
number of stirrups are activated, and the shear capacity is increased. This approach is not 
only attractive because of its agreement with physical reality, but also because it is a 
simple equilibrium method, giving a transparent flow of forces in the structure (Eurocode 
2, 2004). The designer is allowed to choose the strut inclination between the limits shown 
in Equation 7-31, which means that the angle e may be chosen between 21.8° and 68.2°. 
The choice of the lowest value typically leads to the most economic design. 
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v: AvfytZ () s =--cot 
s 
(7-30) 
0.4 < cot() < 2.5 (7-31) 
where z is the inner level arm and is equal to 0.9d. 
Two different values of angle 8 have been chosen for comparison purposes. A 
value of 45° was selected that represents the typical conservative approach for the truss 
model. Table 7.13 contains the shear strengths calculated using both fracture mechanics 
approaches for the concrete contribution, and considering an angle () of 45°. The table 
also includes the full-scale test results. Figures 7.27 and 7.28 present the ratios of 
experimental-to-predicted values based on both expressions. For Equation 7-28, the 
values for the CC specimens ranged from 1.25 to 1.46 with an average of 1.39. The 
values for the HVF A concrete specimens ranged from 1.08 to 1.39 with an average of 
1.25. For longitudinal steel ratios less than 3%, the values for the CC specimens ranged 
from 1.35 to 1.45 with an average of 1.40, while the values for the HVFA concrete 
specimens range from 1.24 to 1.39 with an average of 1.34. For Equation 7-29, the values 
for the CC specimens range from 1.39 to 1.66 with an average of 1.54. The values for the 
HVFA concrete specimens range from 1.22 to 1.49 with an average of 1.37. For 
longitudinal steel ratios less than 3%, the values for the CC specimens ranged from 1.43 
to 1.54 with an average of 1.48, while the values for the HVFA concrete specimens range 
from 1.32 to 1.48 with an average of 1.42. 
The second value chosen fore was 32°, which was selected based on the average 
angle values measured experimentally for the test specimens. The purpose of comparing 
these two angles is because the code allows the designer leeway in choosing the angle of 
crack inclination, and a shallower crack engages a greater number of stirrups and would, 
therefore, reduce the concrete contribution from the test results. Table 7.14 contains the 
shear strengths calculated using both fracture mechanics approaches for the concrete 
contribution, and considering an angle e of 32°. The table also includes the full-scale test 
results. Figures 7.29 and 7.30 present the ratios of experimental-to-predicted values based 
on both expressions. As shown in Figures 7.29 and 7.30, the ratios of the experimental-
to-calculated values are considerably closer to the experimental values. For Equation 
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7-28, the values for the CC specimens range from 0.95 to 1.17 with an average of 1.09. 
The values for the HVF A concrete specimens range from 0.83 to 1.07 with an average of 
0.96. For longitudinal steel ratios less than 3%, the values for the CC specimens range 
from 1.05 to 1.13 with an average of 1.09, while the values for the HVFA concrete 
specimens range from 0.96 to 1.07 with an average of 1.03. For Equation 7-29, the values 
for the CC specimens range from 1.03 to 1.29 with an average of 1.17. The values for the 
HVFA concrete specimens range from 0.91 to 1.12 with an average of 1.03. For 
longitudinal steel ratios less than 3%, the values for the CC specimens range from 1.10 to 
1.19 with an average of 1.14, while the values for the HVFA concrete specimens range 
from 1.00 to 1.12 with an average of 1.08. 
Based on the results, the inclusion of an angle shallower than 45° describes a 
better approximation to the behavior of the test beams. The ratios of experimented-to-
calculated values when considering an angle of 32° were, in general, close to one. The 
only flaw of the fracture mechanics approach followed by the CEB-FIP code is that it 
does not calculate the angle based on the beam components and material properties, as in 
the MCFT approach. Independently of the type of concrete, the CEB-FIP code results 
present similar trends for specimens with the same longitudinal and transverse 
reinforcement ratio, and similar compressive strength, which means that they appear to be 
equally applicable to HVFA concrete. 
Based on the similar trends observed between the fracture energy results and the 
shear strength calculations using the fracture mechanics approaches, it is reasonable to 
conclude that the fracture energy of HVFA concrete is equivalent to that of CC. The 
shear strength predicted by the fracture mechanics approach is similar between both types 
of concrete suggesting that the fracture energy is dependent on the compressive strength 
and water-to-cement ratio rather than the type of concrete, and that the strength is 
comparable between CC and HVF A concrete. 
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Table 7.13- Summary of experimental and calculated resu lts for beams with stirrups 
using fracture mechanics approaches using an angle of 45° 
Specimen Vtest Vs (kips) Vn=Vc+t's Vtest Vn=Vc+Vs Vtest -- --(kips) Equation 7-30 Equation 7-28 v.., Equation 7-29 Vn 
CC-R3-7-1 75.02 1.35 1.43 
CC-R3-7-2 80.80 55.62 1.45 52.37 1.54 
CC-R3-7-3 77.37 26.14 1.39 L.48 HVFA-R3-7-1 65.09 1.24 1.32 
HVFA-R3-7-2 71.91 52.38 1.37 49.35 1.46 
HVFA-R3-7-3 72.85 1.39 L.48 
CC-R4-7-1 91.68 1.37 1.55 
CC-R4-7-2 97.62 67.03 1.46 58.96 1.66 
CC-R4-7-3 97.87 28.02 1.46 1.66 HVFA-R4-7- I 60.60 1.08 1.22 
HVFA-R4-7-2 72.06 55.93 1.29 49.79 1.45 
HVFA-R4-7-3 65.36 1.1 7 1.31 
CC-R4-5- 1 108.45 1.44 1.61 
CC-R4-5-2 101.81 75.08 1.36 67.55 1.51 
CC-R4-5-3 94.06 39.23 1.25 1.39 HVFA-R4-5-1 97.89 1.34 1.49 
HVFA-R4-5-2 91.53 73.07 1.25 65.88 1.39 
HVFA-R4-5-3 8 l.27 l.JI 1.23 






























Figure 7.28- Comparison of strength calculations by Equations 7-29 and 7-30 for 9=45° 
Table 7.14- Summary of experimental and calculated results for beams with stirrups 
using fracture mechanics approaches using an angle of 32° 
Specimen Vtest 1's (kips) Vn = \.'c + 1's Vtest Vn = \.'c + Vs Vtest --(kips) Equation 7-30 Equation 7-28 Vn Equation 7-29 v, 
CC-R3-7-1 75.02 1.05 1.10 
CC-R3-7-2 80.80 7 1.3 1 1.13 68.07 1. 19 
CC-R3-7-3 77.37 41.84 1.08 1.14 HVFA-R3-7-1 65.09 0.96 1.00 
HVFA-R3-7-2 71.91 68.07 1.06 65.05 1.11 
HVFA-R3-7-3 72.85 1.07 1.1 2 
CC-R4-7-l 91.68 1.09 1.21 
CC-R4-7-2 97.62 83.85 1.1 6 75.78 1.29 
CC-R4-7-3 97.87 44.85 1.17 1.29 HVFA-R4-7- l 60.60 0.83 0.91 
HVFA-R4-7-2 72.06 72.75 0.99 66.6 1 1.08 
HVFA-R4-7-3 65.36 0.90 0.98 
CC-R4-5- I 108.45 1.10 1.19 
CC-R4-5-2 101.81 98.64 1.03 91. 10 1. 12 
CC-R4-5-3 94.06 62.78 0.95 1.03 HVFA-R4-5-l 97.89 1.01 1.09 
HVFA-R4-5-2 91.53 96.63 0.95 89.44 1.02 





















Figure 7.30 - Comparison of strength calculations by Equations 7-29 and 7-30 for 8=32° 
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7.5. CONCRETE COMPRESSION SOFTENING 
The webs of reinforced concrete beams under shear are in a state of biaxial 
tension-compression. The presence of simultaneous transverse tensile strain leads to a 
deterioration of the compressive strength of cracked concrete (Duthinh, 1999). In a 
properly detailed beam containing moderate amounts of transverse reinforcement, shear 
failure occurs when the transverse reinforcement yields, followed by crushing of the 
intact concrete between the inclined cracks. Where the amount of transverse 
reinforcement is excessive, the concrete diagonals would crush prior to yielding of the 
stirrups, resulting in a brittle failure (Rangan, 1991). This type of failure is called a web 
crushing failure. 
Based on the plasticity truss model assumption, which states that both the 
longitudinal and transverse reinforcement must yield before failure, it is possible to 
analyze the concrete crushing failures observed in the HVFA concrete specimens 
containing stirrups. To ensure a yielding failure in the reinforcement, the shear elements 
are divided into two types, under- and over-reinforced (Hsu and Mo, 2010). In an under-
reinforced element, the yielding of steel in both directions occurs before crushing of the 
concrete, thus satisfying the assumption of the plasticity truss model. In an over-
reinforced element, however, concrete crushes before yielding of either the longitudinal 
or transverse reinforcement, or both, thus violating this assumption. The state of stresses 
that divide the under-reinforcement mode of failure from the over-reinforced is called the 
balanced condition. Under the balanced condition, one of the two yielded reinforcements 
just reach the yield point when the concrete crushes at an effecting stress equal to the 
softened compressive strength(~/' c). 
The softening coefficient ( 0 1s the most important parameter affecting the 
compressive stress-strain relationship of cracked reinforced concrete. This coefficient is a 
function of three variables: the uniaxial tensile strain in the perpendicular direction (£1 ), 
the concrete compressive strength, and the deviation angle {3. Hsu and Mo (2010) 
formulated the expressions shown in Equations 7-32 to 7-35 to address the relationship 
between these variables. They concluded that the tensile strain is the dominant variable, 
which makes physical sense, because ~ decreases with an increase of a parameter that 




F(f' )=~<09 12 c ffc- . (7-34) 
!3 ({J) = 1 - !El 
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(7-35) 
Principal compressive strains beyond the softened compressive strain ((E0) limit 
indicate that the softened compressive strength ( ( f' c) of the concrete has been reached 
and, therefore, concrete crushing of the diagonal compressive struts may occur. This is a 
major concern for thin webbed members where web crushing is a potential failure mode. 
Rectangular sections, such as the ones used in this study, have a large web width and, 
thus, web crushing failure should not occur for sections without an excessive amount of 
transverse reinforcement. However, based on the failure mode observed in the HVF A 
concrete specimens with transverse reinforcement, HVFA concrete may reach web 
crushing before yielding of the transverse reinforcement in elements that are not over-
reinforced. 
For the specimens with transverse reinforcement, the R3 series represents a much 
more realistic amount of longitudinal reinforcement (2.71 %) compared to the R4 series 
( 4.50% ). The main focus of the discussion will be concentrated on the specimens 
included in the R3 series, since the specimens in the R4 series are over-reinforced. To 
validate the possibility of crushing before yielding in HVF A concrete, it is necessary to 
confirm that the specimens in the R3 series are under-reinforced. Table 7.15 presents the 
moment capacity of the cross section calculated based on strain compatibility (Mn), the 
maximum moment applied to the specimen (Mtest) calculated using the shear force at 
failure and the length of the shear span, the yield strain for the longitudinal reinforcement 
(Eyield) calculated based on the tested yield strength and the modulus of elasticity of the 
steel (29,000 ksi), and the strain in the bottom layer of longitudinal reinforcement at the 
ultimate condition based on strain compatibility ( E5 ) as shown in Figure 7 .31. Although 
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the HVFA concrete specimens can be considered under-reinforced, it must be noted that 
these specimens were getting slightly close to the balance condition, particularly with the 
lower concrete compressive strength for this set of specimens. With regard to the amount 
of transverse reinforcement, the R3 series contained approximately four times the 
minimum required by the ACI 318-08 code - equal to approximately 1.4 times the 
concrete shear capacity - which is a relatively low amount. 
Table 7.15 -Data for balance condition 
Mn Mtest Eyield Es 
Specimen Kip-ft Kip-ft in./in. in./in. 
CC-R3-7-1 300. 1 
CC-R3-7-2 347.6 323.2 0.00376 
CC-R3-7-3 309.5 0.00239 HVFA-R3-7-l 260.4 







·- --· -- d-fj2 J-
Figure 7.3 1 - Strain compatibility of the concrete 
Although the previous discussion would indicate that the beam webs should not 
fail in compression, the HVFA concrete beams showed signs of concrete crushing in the 
web, as shown in Figure 7.32. Consequently, it is necessary to evaluate the phenomenon 
of compression softening. Hsu and Mo (20 I 0) suggest that the softening coefficient (f) 
generally varies between 0.2 and 0.6 for CC. In this study, the softening coefficient was 
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taken as 0.6, which is the upper limit of the recommended values. Figure 7.33 shows that 
for CC specimens of the R3 series, the principal compressive strain measured by the 
Demec gauges did not reach the softened compressive strain limit, therefore, crushing of 
the inclined compressive struts should not occur, which was confirmed during testing. 
Figure 7.34, on the other hand, shows that for HVFA concrete specimens of the R3 
serie , the principal compressive strain exceeded the softened compressive strain limit 
and, thus, web crushing should occur, which it did, as shown in Figure 7 .32. However, 
with the amount of longitudinal and transverse reinforcement provided in the R3 series 
specimens, th is should not have occurred. Consequently, based on these results, it can be 
concluded that there is a greater degree of softening for HVFA concrete as a result of 
differences in the cementitious matrix - the only difference between the two sets of 
specimens. This greater degree of softening lead to much higher strains recorded in the 
webs o f the HYFA concrete specimens, which resulted in a premature crushing failure. 
The static modulus of elasticity of the HVFA concrete was verified to be comparable to 
that o f CC, so it appears that the effective modulus of elasticity due to compression 
softening decreases at a faster rate in HVFA concrete compared to CC, thus leading to 
higher strains in the HVFA concrete specimens. One explanation may be that HYFA 
concrete exhibits a higher degree of microcracking compared to CC. Another possible 
explanation is that the dynamic modulus of elasticity for HYFA concrete is much lower 
than would be predicted for CC of the same compress ive strength. 
(a) Failure for HVFA-R3-7- l (b) Fai lure for HVFA-R3-7-3 
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Figure 7.34 - Compressive principal strains of HVFA-R3-7 subgroup 
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As mentioned in the previous section, during the full-scale testing, there was a 
difference in the sound produced by the failure of the CC and HVF A concrete specimens. 
At failure, when the diagonal crack reached the loading point, the CC specimens 
produced a very loud noise, while the HVF A concrete specimens made a very soft, 
almost inaudible noise. This effect seems to be mainly a result of this compression 
softening that produced the observed concrete crushing failure, and not a lower value of 
fracture energy based on the discussion of the previous section. 
7 .6. SHEAR TEST DATABASE 
The purpose of this section is to compare the experimental results of this study to 
over 950 experimental results available in the literature. The prime objectives are to 
validate the test data from this study, particularly for the HVFA concrete, and to compare 
all of the results to predictions from current North American and European shear design 
provisions. This shear database is only for reinforced concrete members without 
transverse reinforcement and contains data on material strengths, cross section geometry, 
loading and support geometry, longitudinal reinforcement details, as well as the measured 
ultimate shear force. 
7 .6.1. General remarks. The database contains only beams with a rectangular 
cross section, which is the most commonly shaped section for members without 
transverse reinforcement. The general rules for selecting members for this database were 
the following: 
• Rectangular cross sections. 
• Reinforced concrete specimens with no limits on compressive strength. 
• Steel reinforcement with no limits on yield strength. 
• Shear span-to-depth ratios greater than or equal to 2.5 (slender beams). 
• Longitudinal reinforcement ratios less than 5%. 
• Simply supported specimens loaded in a three- or four-point test set-up. 
• Shear failures only. 
• No transverse reinforcement. 
• No axial load. 
• No prestressing. 
251 
• No bundled bars. 
• No bar cutoffs. 
• No limit on aggregate size. 
• No fibers in the concrete mix. 
For references that did not provide all of the necessary data, assumptions were 
made based on typical values. These assumptions are shown in color red in the database 
and are based on the following: 
• The compressive strength was taken as 95% of the cube strength if 
cylinder strength was not available. 
• Yield strength of the longitudinal reinforcement was taken as 60 ksi if not 
listed in the paper. 
• The aggregate size was taken as % in. if not listed in the paper. 
• The bearing length was taken as 10% of the shear span if not listed in the 
paper. 
Table 7.16 summarizes the tests used in this database including the experimental 
results of this study. The table contains the name of the investigators who reported the 
test data, the number of data points used from each investigation, and the range of 
variables in the investigation. Although the database contains specimens with concrete 
strengths ranging from 880 to 18,490 psi, the majority of tests were in the range of 3,000 
to 8,000 psi. The data is also largely concentrated in the range of a/ d values from 2.5 to 
8.5. Although there are concentrations of data at certain values of the longitudinal 
reinforcement, the distribution of data covers the practical design range. Complete details 
regarding each specimen including all of the material and geometrical properties are 
provided in Appendix I. 
252 
Table 7.16- Summary of rectangular beam shear test database 
Author Year No. of f 'c Ps a;d 
specimens (psi) (%) 
Laupa et al. 1953 16 2, L 40-4,880 1.39-4. 11 3.4-4.9 
Moody et al. 1954 28 880-5,970 0.80-2.37 2.9-3.4 
Ferguson 1956 I 4,250 2. 10 3.2 
Morrow and Viest 1957 13 2, 130-6,630 0.58-3.83 2.7-7.8 
Chang and Kesler 1958 2 1 2, I 60-5,600 I .86-2.89 3.1-3.9 
Bower and Viest 1960 3 2,850-3,580 1.53-1.58 3.3-4.4 
de Cossio and Siess 1960 12 2,820-5,320 1.00-3.36 3.0-6.0 
Hanson 196 1 9 3,030- I 0,680 I .25-5.00 2.5-5.0 
de Cossio 1962 75 J ,940-5,070 1.44-2.92 2.6-4.0 
Leonhardt and Walther 1962 35 1,790-5,550 0.91-2.47 2.7-6.9 
Ruesch et aJ. 1962 3 3,330-3,510 2.64-2.65 3.6 
Bresler and Scordelis 1963 3 3,270-5,450 1.81-2.74 3.9-6.9 
Mathey and Watstein 1963 9 3,410-4,430 0.47-2.54 2.8-3.7 
Baron 1966 1 4,430 1.55 4.6 
Krefeld and Thurston 1966 64 1,770-5,660 0.80-5.01 2.8-8.5 
Kani 1967 37 3,590-4,460 2.59-2.89 2.5-8.0 
Bhal 1968 8 3,360-4,290 0.63-1.26 3.0 
Rajagopalan and Ferguson 1968 5 4,200-5,300 0.25-1.42 3.8-4. 1 
Taylor 1968 5 4,190-4,8 10 1.03-I .55 3.0 
Mattock 1969 7 2,340-6,800 1.03-3.10 2.7-5.1 
Swamy et al. 1970 3 3,840-3,880 1.64-1.70 2.5-4.5 
Placas and Regan 197 1 5 3,600-4,400 0.98-1.46 3.3 
Batson et al. 1972 3 5,030 3.10 4.8 
Taylor 1972 15 3,770-5,8 10 1.35 2.8 
Aster and Koch 1974 4 2,880-4,5 10 0.42-0.63 3.6-5.5 
Marti et al. 1977 I 4,290 1.38 3.9 
Reineck et al. 1978 3 3,560-3,740 0.79-1.39 2.5-3.5 
Kani 1979 54 2,230-5,320 0.48-2.73 2.5-5.9 
Hamadi and Regan 1980 3 3, 190-4,390 1.08- 1.70 3.3-5.9 
Nakazawa 1980 16 2,720-5,590 0.53- I .9 1 2.5-4.0 
Chana 1981 36 4,480-9,280 1.69- 1.80 3.0 
Mphonde and Frantz 1984 13 2,980-13,580 2.32-3.36 2.5-3.6 
Ahmad et al. 1986 12 8,820-9,7 J 0 1.77-3.93 2.7-4.0 
Elzanaty et al. 1986 12 3,000-1 1 ,500 0.60-3.30 4.0-6.0 
Mansur et aJ. 1986 3 3,510 1.34 2 .8-4.4 
Muruyama and Iwabuchi 1986 14 6,300-7,390 1.55-3.18 2.5-4.0 
Niwa et al. 1987 3 3,560-3,930 0. 14-0.28 3.0 
Regan and Rezai-Jorabi 1988 23 4,070-5,590 1.51-1.66 4.3-6.6 
Johnson and Ramirez 1989 I 8, 100 2.49 3.1 
Thorenfeldt and Drangsholt 1990 17 7,830-14,170 I .82-3.23 3.0-4.0 
Bazant and Kazemi 1991 18 6,700-6,780 1.62 3.0 
Remmel 1991 3 I 2,250- 12,340 1.87-4.09 3.0-4.0 
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Table 7.16 Continued 
Author Year No. of f'c Ps a;d 
specimens (psi) (%) 
Hallgren 1994 19 4,51 0-12,500 2. 17-4.10 3.5-3.6 
Kim and Park 1994 18 7,780 1.01-4.68 3.0-6.0 
Scholz 1994 3 11 ,690-14,040 0.81- 1.94 3.0-4.0 
Walraven and Lehwalter 1994 6 4,960-5,450 0.74-0.83 3.0 
Xie et al. 1994 2 5,750-15,110 2.07 3.0 
Matsui et al. 1995 20 4,690- 18,490 2.55-2.65 3.0-4.0 
Adebar and Collins 1996 6 6,700-8,540 1.00-3.04 2.8-4.4 
Hallgren 1996 3 12,320-13,400 0.57- 1.05 2.6 
Sato et al. 1996 1 5,450 3.31 2.6 
Yoon et al. 1996 3 5,220-12,610 2.85 3.2 
Kawano and Wantanabe 1997 8 2,980-3,960 1.20-1.36 3.0 
Konig et al. 1997 12 13,060-16,080 0.83-4.22 3.5-3.9 
Ghannoum 1998 16 4,960-8,490 1.20-2.00 2.5 
Islam et al. 1998 20 3,850-12,080 2.02-3.22 2.9-3.9 
Kulkarni and Shah 1998 4 5,880-6,520 1.38 3.5-5.0 
Triantafillou 1998 2 4,350 1.44 3.2 
Yoshida 1998 I 4,870 0.74 2.8 
Collins and Kuchma 1999 12 5,220-] 4,330 0.81- .1.3 1 2.9 
Karayiannis and Chalioris 1999 2 3,770 1.47-1.96 2.7-3.4 
Kim and White 1999 3 4,360-5,460 1.65 2.5-4.0 
Kim et al. 1999 6 2,840 1.08-1.94 2.5-4.0 
Shin et al. 1999 2 7,540- 10,580 3.77 2.5 
Zararis and Papadakis 1999 l 3,610 1.37 3.6 
Ali 200 1 12 6,600-7,830 0.58-1.05 2.5-4.0 
Angelakos et a t. 2001 13 3,040-14,350 0.50-2.09 2.9-3.0 
Yost et at. 2001 3 5,260 1.54 4.0 
Clad era 2002 4 7,230-12,610 2.24 3.0 
l'ureyen and Frosch 2002 3 5,930-6,330 0.36- 1.92 3.3 
Yaqub 2002 16 7,690-8,590 0.98-1.46 2.5-6.0 
Elahi 2003 32 7,690-8,340 0.63-1.94 2.5-6.0 
Tariq and Newhook 2003 6 4,940-6,260 0.72-1.54 2.7-3.5 
Adhikary et al. 2004 l 5,5l0 4.46 4.0 
Rahal and AI-Shaleh 2004 2 8,890-8,970 2.16-3.89 2.7-2.9 
Bentz and Buckley 2005 9 4,350-4,930 1.55-1.63 2.9 
Cao et al. 2005 2 2,710-4,580 4.41 2.5-2.9 
Carotin and Taljsten 2005 5 7,020- J 0,220 3.05 2.8 
El-Sayed et al. 2005 4 6,320-8,990 0.86-1.72 3.0 
Brown et al. 2006 I 3,870 3.07 3.0 
Guadagnini et al. 2006 I 6,290 1.35 3.3 
Lubell 2006 7 5,350-5,940 0.33-1.73 3.0-3.6 
Sherwood et al. 2006 9 5,380-5,880 0.90-0.93 2.9-3.4 
Sherwood et at. 2007 19 4,070- 11,210 0.83 2.8 
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Table 7.16 Continued 
Author Year No. of f'c Ps a;d 
specimens (psi) (%) 
Bukhari and Ahmad 2008 24 6,490-7,650 0.58-1.07 2.5-6.0 
Lee and Kim 2008 12 2,850-5,910 0.93-4.76 3.0-5.0 
Rodtiguez et al. 2010 9 6, 150-7,660 0.79 2.6-8.5 
Sneed and Ramirez 2010 8 9,400-10,840 1.20-1.30 2.9-3.0 
Londhe 201 I 1 5,070 0.80 3.2 
Sag;aseta and Vollum 201 I 4 9,920-1 1,630 1.00 3.4 
Ortega 20 12 18 3,130-7,320 1.59-4.50 3.0-3.2 
Figure 7 .35(a) shows the relationship between the longitudinal reinforcement ratio 
and the concrete contribution to shear strength for beams without transverse 
reinforcement. The vertical axis indicates the average shear stress in the section at failure 
(vu = ::) normalized with respect to the square root of the compressive strength. The 
shear effect due to self-weight of the specimens has been ignored in all the experimental 
results collected in this database, including the specimens of this study. 
Figure 7.35(a) reveals that the shear strength is a function of longitudinal 
reinforcement ratio. Although the ACI 318-08 code sets a lower bound value of shear 
stress equal to z.ffc ' the data clearly indicates that for reinforcement ratios less than 
1 %, the shear strength at failure may be considerably lower than z.ffc. In a beam 
reinforced with low longitudinal reinforcement, flexural cracks penetrate higher into the 
section and wider cracks are experienced as compared to a beam reinforced with higher 
amounts of longitudinal reinforcement. Deeper flexural cracks decrease the compression 
zone depth, thus reducing the contribution of uncracked concrete to shear strength. In 
addition, the decrease in the amount of longitudinal reinforcement coupled with a 
corresponding increase in crack widths results in a decrease in both the degree of 
aggregate interlock and dowel action, further reducing shear strength. However, it is 
imp011ant to note that these conclusions are not new and that the real beneftt of 
examining this data is as a comparison with the results from the HVFA concrete tests. 
Figure 7 .36(a) shows the relationship between the shear span-to-depth ratio and 
the concrete contribution to shear strength for beams without transverse reinforcement. 
As defined previous! y, the vertical axis indicates the average shear stress in the section at 
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failure (vu = :~) normalized with respect to the square root of the compressive strength. 
As shown in the figure, the shear span-to-depth ratio has a significant influence on the 
shear strength of beams at lower values, generally below 2.5. At these lower values, the 
beams carry their loads predominately through arching action instead of traditional beam 
action, and the effect increases exponentially as this ratio decreases. For a j d values 
beyond 2.5 to 3.0, the effect of the a; d ratio on inclined cracking and shear strength is 
relatively small. At this point, an increase in the overall depth of a beam results in a 
decrease in the normalized shear strength at failure for a given compressive strength and 
longitudinal reinforcement ratio. However, it is again important to note that these 
conclusions are not new and that the real benefit of examining this data is as a 
comparison with the results from the HVFA concrete tests. 
The experimental data from the current study is also plotted in Figures 7.35 (b) 
and 7.36(b) for comparison purposes. Based on the other experimental results, it can be 
concluded that the results of this study follow the same trend observed in previous 
experimental studies. The test results of this study fall within the middle third of the 
database in Figure 7.35(b) and follow the same trend of increasing shear strength as a 
function of longitudinal reinforcement ratio. Additionally, the test results of this study are 
located in between shear stress values of z.ff'c and 4.ff'c for specimens that meet the 
minimum and maximum flexural steel limits given by the ACI 318-08. Similar behavior 
was observed in Figure 7.36(b), where the results of the tests for the HVFA concrete are 
consistent with those of the CC concrete and, most importantly, the results for both 
concrete types are very consistent with the trend in shear strength as a function of a j d 
ratio for the database. Most significantly, the results for the HVFA concrete are 
consistent with the results from this wealth of shear testing on CC concrete indicating that 
HVFA concrete performs in the same manner as CC with respect to shear behavior. 
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7.6.2. Design code comparison to database. The purpose of this subsection is to 
examine the available experimental results and to compare them to predictions from 
current North American and European shear design provisions. The results of this 
comparison will determine whether or not current design guidelines for CC are indeed 
applicable to HVF A concrete. 
The ACI 318-08 code presents two different approaches to calculate the concrete 
contribution to shear strength in specimens with no stirrups. Previous research has shown 
that the traditional equation for Vc (Equation 7-1) becomes less conservative as the 
member depth increases, as concrete strength increases, and as stress in the longitudinal 
reinforcement increases (Collins et al., 2008). The other ACI equation for the concrete 
contribution (Equation 7-2) accounts for the effect of increasing shear strength at 
increases in the longitudinal reinforcement ratio. Figures 7.37 and 7.38 present the ratios 
of experimental-to-calculated values for Equations 7-1 and 7-2, respectively. For 
Equation 7-1, the ratios range from 0.36 to 2.86 with an average of 1.38. For Equation 7-
2, the ratios range from 0.36 to 2.12 with an average of 1.06. Beyond a reinforcement 
ratio of 1.0%, for Equation 7-1, the ratios range from 0.42 to 2.86 with an average of 
1.49, while for Equation 7-2, the ratios range from 0.39 to 2.12 with an average of 1.11. 
As presented in Figure 7.37, the results using Equation 7-1 are very conservative at 
reinforcement ratios above 2% and very unconservative below reinforcement ratios of 
1%. Conversely, as shown in Figure 7.38, the results using Equation 7-2 present a more 
uniform trend with very few ratios above 2.0 and with a very wide distribution of the 
ratios around 1.0, except for reinforcement ratios below 1%, which still result in ratios 
considerably less than one. Most importantly, however, is that the experimental results of 
this study agree with previous studies in terms of their application with the design code, 
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Figure 7.38 - Ratio of experimental-to-calculated strength versus longitudinal 
reinforcement ratio: ACI 3 18-08 Equation 7-2 
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The AASHTO LRFD (2004) and the CSA A23.3-04 design provisions are based 
on the MCFT, as described in previous sections. The main advantage when using these 
code guidelines in specimens without transverse reinforcement is that they include a 
parameter fJ to account for the ability of diagonal cracked concrete to transmit tension 
and shear. The AASHTO LRFD and the CSA A23.3-04 approaches do not evaluate the 
concrete contribution based on the diagonal cracking load as in ACI 318-08. In the 
MCFT approach, the concrete contribution is taken as a measure of the concrete 
contribution at the ultimate condition. 
Figures 7.39 and 7.40 present the ratios of experimental-to-calculated values for 
the AASHTO LRFD and CSA A23.3-04 codes, respectively. For the AASHTO LRFD 
provisions, the ratios range from 0.33 to 2.79 with an average of 1.10. For the CSA 
A23.3-04 provisions, the ratios range from 0.32 to 2.84 with an average of 1.04. Beyond 
a reinforcement ratio of 1.0%, for the AASHTO LRFD, the ratios range from 0.47 to 2.79 
with an average of 1.14, while for the CSA A23.3-04, the ratios range from 0.39 to 2.84 
with an average of 1.08. Shear strength calculations using the MCFT approach seem to 
estimate the shear capacity of the specimens more accurately than the ACI 318-08 
approach. 
The AASHTO LRFD and CSA A23.3-04 approaches seem to also be sensitive to 
large longitudinal reinforcement ratios as observed with some of the results in Figures 
7.39 and 7.40. For larger longitudinal reinforcement ratios, this longitudinal 
reinforcement could not yield, and the failure, for larger amounts of stirrups, is then 
governed by crushing of the concrete. This failure could be explained as a result of the 
tensile stresses in the cracked concrete that stiffen the element, reduce the concrete 
strains, and make it possible to resist larger shear stresses before failure (ACI 445R-99). 
Most importantly, however, is that the experimental results of this study agree with 
previous studies in terms of their application with these design codes, which confirms the 
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Figure 7.40- Ratio of experimental-to-calculated strength versus longitudinal 
reinforcement ratio: CSA A23.3-04 
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As mentioned in previous sections, the existence of a size effect in the 
experimental results has driven several researchers to apply fracture mechanics to 
determining the shear strength of reinforced concrete members. Two expressions were 
found in the literature for calculating the concrete contribution to shear strength using a 
fracture mechanics approach. One of these equations is contained in the CEB-FIP Model 
Code and is shown in Equation 7-28, and the other equation, shown in Equation 7-29, 
was formulated by Gastebled and May (2001). Both expressions are based on a fracture 
mechanics approach and the amount of energy necessary to extend the critical splitting 
crack. Both expressions also account for the size effect, the slenderness of the beam, the 
reinforcement ratio influence, and the influence of the concrete strength. 
Figures 7.41 and 7.42 present the ratios of experimental-to-calculated values for 
the CEB-FIP and Gastebled and May expressions, respectively. For the CEB-FIP 
expression, the ratios range from 0.65 to 2.41 with an average of 1.22. For the Gastebled 
and May expression, the ratios range from 0.51 to 2.82 with an average of 1.13. Beyond a 
reinforcement ratio of 1.0%, for the CEB-FIP, the ratios range from 0.65 to 2.41 with an 
average of 1.24, while for the Gastebled and May expression, the ratios range from 0.52 
to 2.82 with an average of 1.16. The ratios of experimented-to-calculated values for both 
expressions were, in general, close to one. However, the CEB-FIP expression presents a 
more uniform trend with almost all of the ratios ranging between 1.0 and 2.0. Both 
expressions seem to have sensitivity for large longitudinal reinforcement ratios, primarily 
the expression developed by Gastebled and May, as has also been observed in the results 
with ACI 318-08, AASHTO LRFD, and CSA A23.3-04. 
Independently of the type of concrete, both expressions present similar trends for 
specimens with the same longitudinal reinforcement ratio and similar compressive 
strength, which means that they appear to be equally applicable to HVFA concrete. Based 
on the similar trends observed between the results, it is reasonable to conclude that these 
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Figure 7.4 1 - Ratio of experimental-to-calculated strength versus longitudinal 
reinforcement ratio: CEB-FIP fracture energy expression 
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Figure 7.42 - Ratio of experimental-to-calculated strength versus longitudinal 
reinforcement ratio: Gastebled and May fracture energy expression 
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8. FINDINGS, CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE 
RESEARCH 
8.1. SUMMARY OF RESEARCH WORK 
High-volume fly ash (HVFA) concrete has emerged as a potential solution to the 
sustainability problem of the concrete industry, however, because it is still relatively new 
and has some weaknesses, there are still many questions that need to be answered. One of 
the main barriers to the increased use of HVFA concrete is the concern about retarded set 
times, particularly with increasing fly ash dosages. Retarded set times can cause delays to 
concrete finishing operations, causing HVFA concrete to be undesirable. Similarly, there 
are concerns about low early-age compressive strength development of HVFA concrete. 
Low early-age compressive strengths can require extended curing times, which can 
negatively impact construction sequencing. Most research up to this point has consisted 
only of the evaluation of the strength and durability of HVFA concrete mixtures, while 
only a limited number of studies have implemented full-scale testing of specimens 
constructed with HVFA concrete to determine its potential use in the industry. 
The purpose of this research was to design, test, and evaluate a HVFA concrete 
mixture that could address these concerns and show that HVFA concrete can be 
successfully used in the concrete industry. This study focused on the design of a HVFA 
concrete mixture, testing of structural elements constructed with this mixture, and the 
evaluation of current guidelines for conventional concrete (CC) mixtures to determine 
their applicability to HVFA concrete. The main question that was addressed in this study 
was how shear strength compared between HVFA concrete and CC. The answer to this 
question was approached from several different design procedures including the standard 
truss model, the modified compression field theory, and the fracture mechanics approach. 
This chapter contains the findings and conclusions from the mix development, hardened 
concrete property tests, full-scale shear tests, fracture energy results, and assessment of 
the shear design provisions available in North America and Europe. Lastly, 
recommendations for future research are presented. 
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8.2. FINDINGS 
8.2.1. Literature review. The literature review reported that incorporating fly 
ash in concrete reduces the compressive strength at early ages but there is a valuable 
increase in the compressive strength at later ages. It was found that the early age strength 
is reduced further if the percentage of replacement is increased beyond 50%. However, 
on the other hand, when the percentage of replacement is increased, the water-to-
cementitious materials ratio can be reduced, therefore increasing the later age 
compressive strength. 
8.2.2. Mix design. The test results suggest that the highest strength HVFA 
concrete mixes are the 50% and 60% fly ash proportions with nearly identical results. 
The 70% fly ash mix, however, yielded a reasonable 3-day compressive strength of 
nearly 2,000 psi and a 28-day strength of nearly 4,500 psi. Since both of these values are 
acceptable when designing concrete for construction and one of the objectives of this 
study was to maximize the percentage of fly ash but still fulfill typical construction 
needs, the final HVFA concrete mix chosen for this study was the 70% fly ash mix with 
4% gypsum and 10% calcium hydroxide. The use of powder activators such as calcium 
hydroxide and gypsum increased the early age compressive strengths for HVFA concrete 
mixes. A lower water-to-cementitious ratio- which will lead to increased strengths- can 
be used for a HVF A concrete mix due to the increased workability as a result of the 
addition of high volumes of fly ash. 
8.2.3. Hardened concrete properties tests. Several tests were performed on 
both mix designs used in this study to evaluate hardened properties of the concrete, 
including compressive strength, modulus of rupture (MOR), splitting tensile strength, and 
modulus of elasticity (MOE). The HVFA concrete showed considerable variation 
between placements. The HVFA concrete showed significantly lower compressive 
strength values compared to a CC mix at early ages. Compressive strength values from 7 
to 28 days showed that the HVFA concrete had a greater increase in compressive strength 
and that concrete containing high volumes of fly ash will have a longer hydration period 
than that of conventional concrete, with a corresponding slower strength gain with age. 
Some of these results indicated no increment in strength gain beyond 28 days, and this 
behavior suggests that the fly ash and calcium hydroxide stopped reacting and completed 
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their chemical interaction to form calcium silica hydrate. Even though the compressive 
strength values for the HVF A concrete were lower than those of the CC, all the other 
mechanical properties are comparable, and in the case of the MOR, higher that the results 
observed in the CC specimens. The only downside of the HVFA concrete is the 
compressive strength, which was found to be lower at all times as compared to the CC. 
8.2.4. Full-scale shear testing. To address the concern of shear strength of 
HVFA concrete compared to CC, full-scale shear tests were performed on thirty six 
specimens. Each mix had eighteen specimens that included nine specimens without 
transverse reinforcement and nine with stirrups. The longitudinal and transverse 
reinforcements varied as described in Section 5.2 of this document. All the CC and 
HVFA concrete specimens were tested until failure and presented identical behavior with 
the exception of three specimens. All the specimens presented flexural cracking in the 
test region prior to the initiation of shear cracking in the web. The diagonal crack started 
as a flexural crack that propagated vertically until reaching the alignment of the flexural 
reinforcement. At this point, the crack changed inclination and started developing at an 
angle that varies from specimen to specimen but with an average value around 32°. After 
entering the compression zone, the crack changed inclination again and presented a flatter 
angle until it reached the loading point producing a shear failure. Three specimens 
presented flexural failure probably due to the fact that the actual concrete strength 
exceeded the design concrete strength. All the specimens that failed in flexure exhibited 
the same behavior described by crushing of the concrete at the compression zone. During 
the full-scale testing, there was a difference in the sound produced by the failure of the 
CC and HVF A concrete specimens. At failure, when the diagonal crack reached the 
loading point, the CC specimens produced a very loud noise, while the HVFA concrete 
specimens made a very soft, almost inaudible noise. Independently of the type of 
concrete, all specimens presented similar shear behavior suggesting that HVFA concrete 
has a comparable shear strength to that of the CC. 
8.2.5. Fracture energy results. The purpose of the fracture energy experimental 
program was to compare values of fracture energy between CC and HVFA concrete. 
Thirty two tests were performed on small scale beams to determine the fracture energy of 
both the conventional and HVFA concrete mixes using three-point bend tests for 
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geometrically similar notched specimens with three different notch sizes. The fracture 
behavior was characterized by the phenomenon of damage localization, which is typical 
of quasi-brittle materials such as concrete and rock. The failure was due to a principal 
crack propagating from the notch towards the point of load application. Such a crack 
became visible at approximately 95% of the peak load. Stable crack propagation was 
obtained due to incorporation of the self-weight compensation test setup. The crack 
propagated through the weakest link in the specimens, as expected. Aggregate and paste 
fractures were observed in both halves of the specimen after testing of the beam. 
Independently of the type of concrete, it was found that HVFA concrete has a fracture 
energy comparable to that of CC. 
8.2.6. Assessment of the shear design provisions. The full-scale beams in this 
study were analyzed using several shear design approaches that include the standard truss 
model, modified compression field theory, and fracture mechanics approach. The full-
scale test results were compared to the theoretical results using design approaches 
contained in several codes common to North America and Europe. Independently of the 
type of concrete, the ACI 318-08, AASHTO LRFD (2004), CSA A23.3-04, and CEB-FIP 
Model Code (1990) approaches presented similar trends for specimens with the same 
longitudinal and transverse reinforcement ratio, and similar compressive strength, which 
means that these approaches appear to be equally applicable to HVFA concrete. Based on 
the test results, there was not a significant difference in normalized shear strength when 
comparing CC and HVF A concrete. Shear strengths determined through testing were not 
significantly different between CC and HVFA concrete beams made with the same 
transverse reinforcement. This result would seem to indicate that as far as shear behavior 
for the specimens investigated, there is not a significant difference between CC and 
HVFA concrete, and that these elements can be appropriately designed using existing 
design code provisions. 
8.3. CONCLUSIONS 
Based on the previously stated findings, there was not a significant difference in 
shear strength when comparing CC and HVF A concrete. Shear strengths determined 
through testing were not significantly different between CC and HVFA concrete beams 
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made with the same transverse reinforcement. This result would seem to indicate that as 
far as shear behavior, there is not a significant difference between CC and HVFA 
concrete. The following specific conclusions can be drawn in reference to the evaluation 
and prediction of the performance of HVF A concrete: 
• The test results suggest that the highest strength HVF A concrete mixes are the 
50% and 60% replacements of Portland cement with fly ash. The 70% fly ash mix 
with 4% gypsum and 10% calcium hydroxide was the highest percent fly ash mix 
to still have sufficient compressive strength at 28 days. 
• The use of activators such as calcium hydroxide and gypsum increased the early 
age compressive strengths for HVFA concrete mixes. 
• There was not a significant difference between CC and HVF A concrete with 
regard to unit weight or air content. 
• The compressive strength of the HVFA concrete was found to be lower than that 
of the CC at all ages. However, the rate of strength gain between 7 and 28 days 
was higher in HVF A concrete than in CC. 
• There was not a significant difference between CC and HVFA concrete with 
regard to splitting tensile strength and modulus of elasticity as a function of 
compressive strength. 
• The MOR of the HVFA concrete was found to be higher than that for the CC even 
though the compressive strength of the HVFA concrete was lower than that of the 
cc. 
• The HVF A concrete presented a similar shear behavior comparable to that of the 
CC. No major difference was found in the response to the shear force and the only 
difference was the compressive strength. The shear behavior of the CC and 
HVF A concrete in specimens with transverse reinforcement was comparable and 
no variation in the interaction of the concrete and the steel was observed. 
• Both approaches contained in the ACI 318-08 code (Equations 7-1 and 7-2) 
exhibited the same trend in the CC and HVFA concrete specimens showing that 
they are equally applicable in the shear design of HVFA concrete. 
• The approaches contained in the AASHTO LRFD (2004) and CSA A23.3-04, 
based on the MCFf, exhibited the same trend in the CC and HVFA concrete 
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specimens showing that they are equally applicable in the shear design of HVFA 
concrete. 
• The crack angle calculated using the MCFT approach exhibited a noticeably 
smaller variation between the measured and calculated crack angles in CC 
specimens. This was not the case for the HVF A concrete specimens which 
displayed differences of up to 11° between the measured and calculated crack 
angles. 
• The longitudinal strain calculated using the MCFT approach exhibited smaller 
difference between the measured and calculated strains in the absence of stirrups 
for both types of concretes. Both concretes presented the same trend for 
specimens with the same amount of transverse and longitudinal reinforcement 
where a trend in the difference of strains that varies with the amount of 
longitudinal reinforcement was identified. The difference in strains increases from 
negative to positive values with increments in longitudinal reinforcement. The 
trend continues and maintains the same behavior for specimens with increments 
in the amount of transverse reinforcement. 
• The MCFT approach had a higher variability in crack angle for the HVFA 
concrete specimens compared to the CC specimens, while the longitudinal strains 
were very consistent between the two concretes. This statement could be 
considered inconsistent because in the MCFT approach, the crack angle is 
calculated based on the longitudinal strain. Since the MCFT was calibrated by 
using data from reinforced concrete members made of CC, a special calibration 
may be required for HVF A concrete specimens, or any other type of specialty 
concrete. 
• The fracture energy of HVFA concrete has a comparable value to that of CC of 
the same compressive strength. Based on the experimental results, the 
compressive strength and the water-to-cement ratio seem to be responsible for 
lower or higher fracture energy values no matter what type of concrete is under 
evaluation. 
• The fracture energy values obtained experimentally are very consistent with the 
expression formulated by Bazant and Becq-Giraudon (2002). The CEB-FIP 
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expression seems to consistently underestimate the values of fracture energy, 
which could be the result of not considering the water-to-cement ratio as a 
parameter in the equation. In general, the existing equations to calculate the value 
of fracture energy in CC are equally applicable to HVFA concrete. 
• The fracture mechanics approach contained in the CEB-FIP Model Code to 
calculate shear strength presents similar trends for specimens with the same 
longitudinal and transverse reinforcement, and similar compressive strength, 
which means that the equations are equally applicable to HVFA concrete. 
• The CEB-FIP Model Code allows the designer to choose the strut inclination, 
which means that the angle ()may be chosen between 21.8° and 68.2°. Based on 
the results, the inclusion of an angle shallower than 45°, which is the typical 
conservative approach, describes a better approximation to the behavior of the test 
beams. This was confirmed considering an angle of 32° where, in general, all 
ratios of experimented-to-calculated values were found to be close to one. 
• The only flaw of the fracture mechanics approach followed by the CEB-FIP code 
is that it does not calculate the angle based on the beam components and material 
properties, as in the MCFT approach. 
• The fracture mechanics approach expression formulated by Gastebled and May to 
calculate concrete contribution to shear strength presents similar trends for 
specimens with the same longitudinal reinforcement, and similar compressive 
strength, which means that the equation is equally applicable to HVFA concrete. 
• The ACI 318-08, AASHTO LRFD, CSA A23.3-04, and CEB-FIP Model Code 
approaches seemed to have sensitivity for large longitudinal reinforcement ratios. 
Experimental results for specimens with longitudinal reinforcement ratios of 4.5% 
displayed the most inconsistent results when compared to the theoretical 
calculations. 
• The HVF A concrete specimens in the R3 series that were verified to be under the 
balanced condition, exceeded the softened compressive strain limit and exhibited 
a web crushing failure. 
• There is a greater degree of softening for HVFA concrete as a result of differences 
in the cementitious matrix. This greater degree of softening lead to much higher 
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strains recorded in the webs of the HVF A concrete specimens, which resulted in a 
premature crushing failure. One explanation may be that HVFA concrete exhibits 
a higher degree of microcracking compared to CC. Another possible explanation 
is that the dynamic modulus of elasticity for HVFA concrete is much lower than 
would be predicted for CC of the same compressive strength. 
• There was a difference in the sound produced by the failure of the CC and HVF A 
concrete specimens. At failure, when the diagonal crack reached the loading 
point, the CC specimens produced a very loud noise, while the HVF A concrete 
specimens made a very soft, almost inaudible noise. This effect seems to be 
mainly a result of the compression softening that produced the observed concrete 
crushing failure, and not a lower value of fracture energy. 
• Based on the shear database of experimental results, the results of this study 
follow the same trend observed in previous experimental studies. The test results 
of this study follow the same trend of increasing shear strength as a function of 
longitudinal reinforcement ratio. The results of the tests for the HVF A concrete 
are consistent with those of the CC concrete and, most importantly, the results for 
both concrete types are very consistent with the trend in shear strength as a 
function of a j d ratio for the shear database. 
• The experimental results contained in the shear database and the ones of this 
study are in agreement in terms of their application with the ACI 318-08, 
AASHTO LRFD, CSA A23.3-04, and CEB-FIP design codes, which confirms the 
applicability of the truss model, MCFT, and fracture mechanics approaches to 
HVF A concrete. 
8.4. RECOMMENDATIONS FOR FUTURE RESEARCH 
Based on the findings and conclusions stated in the previous sections, the 
following recommendations for future research were developed in regard to the use of 
HVF A concrete: 
• No experimental data was found for prestressed HVFA concrete. However, the 
use of high-range water reducers may result in sufficient early-age strength to 
make prestressed HVF A concrete a potential application. 
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• The MCFT was calibrated by using data from reinforced concrete members 
constructed with CC, a special calibration may be required for HVFA concrete 
specimens, or any other type of specialty concrete. Part of this calibration should 
include specimens without transverse reinforcement to determine if the 
compatibility equations of the MCFT apply to members with and without 
transverse reinforcement. 
• The softening coefficient must be reevaluated to account for the higher degree of 
softening observed in HVF A concrete. This calibration should address the 
substantial sensitivity of the HVFA concrete to the compressive softening that 
leads to concrete crushing failures. 
• Although the flexural behavior of CC IS very well understood, experimental 
testing is required to verify that the current guidelines for flexural design in CC 
are also applicable to HVFA concrete. 
• No experimental data was found for testing of HVFA concrete under cyclic 
loading. For a better understanding of the behavior of HVFA concrete, it is 
necessary to address a real life exposure to validate their potential application to 
the concrete industry. 
• A new shear design approach must be formulated considering the size effect and 
the fracture energy, including a variable angle truss model where the crack angle 
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 Figure A.1 – Crack angle measurement for CC-R1-NS-1 
 
 
Figure A.2 – Crack angle measurement for CC-R1-NS-2 
 
 
Figure A.3 – Crack angle measurement for HVFA-R1-NS-1 
 Figure A.4 – Crack angle measurement for HVFA-R1-NS-2 
 
 
Figure A.5 – Crack angle measurement for CC-R2-NS-1 
 
 
Figure A.6 – Crack angle measurement for CC-R2-NS-2 
 
 Figure A.7 – Crack angle measurement for HVFA-R2-NS-1 
 
 
Figure A.8 – Crack angle measurement for HVFA-R2-NS-2 
 
 
Figure A.9 – Crack angle measurement for CC-R3-NS-1 
 
 Figure A.10 – Crack angle measurement for CC-R3-NS-2 
 
 
Figure A.11 – Crack angle measurement for HVFA-R3-NS-1 
 
 






 Figure A.13 – Crack angle measurement for CC-R4-NS-1 
 
 
Figure A.14 – Crack angle measurement for CC-R4-NS-2 
 
 
Figure A.15 – Crack angle measurement for CC-R4-NS-3 
 
 
 Figure A.16 – Crack angle measurement for HVFA-R4-NS-1 
 
 
Figure A.17 – Crack angle measurement for HVFA-R4-NS-2 
 
 
Figure A.18 – Crack angle measurement for HVFA-R4-NS-3 
 
 
 Figure A.19 – Crack angle measurement for CC-R3-7-1 
 
 
Figure A.20 – Crack angle measurement for CC-R3-7-2 
 
 






 Figure A.22 – Crack angle measurement for HVFA-R3-7-1 
 
 
Figure A.23 – Crack angle measurement for HVFA-R3-7-2 
 
 
Figure A.24 – Crack angle measurement for HVFA-R3-7-3 
 
 Figure A.25 – Crack angle measurement for CC-R4-7-1 
 
 
Figure A.26 – Crack angle measurement for CC-R4-7-2 
 
 
Figure A.27 – Crack angle measurement for CC-R4-7-3 
 
 
 Figure A.28 – Crack angle measurement for HVFA-R4-7-1 
 
 
Figure A.29 – Crack angle measurement for HVFA-R4-7-2 
 
 
Figure A.30 – Crack angle measurement for HVFA-R4-7-3 
 
 
 Figure A.31 – Crack angle measurement for CC-R4-5-1 
 
 
Figure A.32 – Crack angle measurement for CC-R4-5-2 
 
 
Figure A.33 – Crack angle measurement for CC-R4-5-3 
 
 
 Figure A.34 – Crack angle measurement for HVFA-R4-5-1 
 
 
Figure A.35 – Crack angle measurement for HVFA-R4-5-2 
 
 
Figure A.36 – Crack angle measurement for HVFA-R4-5-3 
 
 Figure B.1 – Crack pattern for CC-R1-NS-1 
 
 
Figure B.2 – Crack pattern for CC-R1-NS-2 
 
 
Figure B.3 – Crack pattern for HVFA-R1-NS-1 
 
 Figure B.4 – Crack pattern for HVFA-R1-NS-2 
 
 
Figure B.5 – Crack pattern for CC-R2-NS-1 
 
 
Figure B.6 – Crack pattern for CC-R2-NS-2 
 
 Figure B.7 – Crack pattern for HVFA-R2-NS-1 
 
 
Figure B.8 – Crack pattern for HVFA-R2-NS-2 
 
 
Figure B.9 – Crack pattern for CC-R3-NS-1 
 
 Figure B.10 – Crack pattern for CC-R3-NS-2 
 
 
Figure B.11 – Crack pattern for HVFA-R3-NS-1 
 
 




 Figure B.13 – Crack pattern for CC-R4-NS-1 
 
 
Figure B.14 – Crack pattern for CC-R4-NS-2 
 
 
Figure B.15 – Crack pattern for CC-R4-NS-3 
 
 Figure B.16 – Crack pattern for HVFA-R4-NS-1 
 
 
Figure B.17 – Crack pattern for HVFA-R4-NS-2 
 
 




 Figure B.19 – Crack pattern for CC-R3-7-1 
 
 
Figure B.20 – Crack pattern for CC-R3-7-2 
 
 
Figure B.21 – Crack pattern for CC-R3-7-3 
 
 Figure B.22 – Crack pattern for HVFA-R3-7-1 
 
 
Figure B.23 – Crack pattern for HVFA-R3-7-2 
 
 




 Figure B.25 – Crack pattern for CC-R4-7-1 
 
 
Figure B.26 – Crack pattern for CC-R4-7-2 
 
 
Figure B.27 – Crack pattern for CC-R4-7-3 
 
 Figure B.28 – Crack pattern for HVFA-R4-7-1 
 
 
Figure B.29 – Crack pattern for HVFA-R4-7-2 
 
 




 Figure B.31 – Crack pattern for CC-R4-5-1 
 
 
Figure B.32 – Crack pattern for CC-R4-5-2 
 
 
Figure B.33 – Crack pattern for CC-R4-5-3 
 
 Figure B.34 – Crack pattern for HVFA-R4-5-1 
 
 
Figure B.35 – Crack pattern for HVFA-R4-5-2 
 
 





Step Shear Force (kips) 
Initiation of diagonal cracking 28.0 
Failure 29.69 
 
Crack angle 35 degrees 
 
 
Figure C.1 – Initiation of diagonal cracking in specimen CC-R1-NS-1 
 
 





Step Shear Force (kips) 
Initiation of diagonal cracking 27.0 
Failure 29.16 
 
Crack angle 29 degrees 
 
 
Figure C.3 – Initiation of diagonal cracking in specimen CC-R1-NS-2 
 
 





Step Shear Force (kips) 
Initiation of diagonal cracking 25.0 
Failure 26.96 
 
Crack angle 28 degrees 
 
 
Figure C.5 – Initiation of diagonal cracking in specimen HVFA-R1-NS-1 
 
 





Step Shear Force (kips) 
Initiation of diagonal cracking 21.5 
Failure 23.87 
 
Crack angle 34 degrees 
 
 
Figure C.7 – Initiation of diagonal cracking in specimen HVFA-R1-NS-2 
 
 





Step Shear Force (kips) 
Initiation of diagonal cracking 29.5 
Failure 37.23 
 
Crack angle 26 degrees 
 
 
Figure C.9 – Initiation of diagonal cracking in specimen CC-R2-NS-1 
 
 





Step Shear Force (kips) 
Initiation of diagonal cracking 28.5 
Failure 30.46 
 
Crack angle 30 degrees 
 
 
Figure C.11 – Initiation of diagonal cracking in specimen CC-R2-NS-2 
 
 





Step Shear Force (kips) 
Initiation of diagonal cracking 26.0 
Failure 27.69 
 
Crack angle 29 degrees 
 
 
Figure C.13 – Initiation of diagonal cracking in specimen HVFA-R2-NS-1 
 
 





Step Shear Force (kips) 
Initiation of diagonal cracking 25.0 
Failure 25.36 
 
Crack angle 33 degrees 
 
 
Figure C.15 – Initiation of diagonal cracking in specimen HVFA-R2-NS-2 
 
 





Step Shear Force (kips) 
Initiation of diagonal cracking 30.5 
Failure 47.47 
 
Crack angle 27 degrees 
 
 
Figure C.17 – Initiation of diagonal cracking in specimen CC-R3-NS-1 
 
 





Step Shear Force (kips) 
Initiation of diagonal cracking 31.0 
Failure 31.10 
 
Crack angle 29 degrees 
 
 
Figure C.19 – Initiation of diagonal cracking in specimen CC-R3-NS-2 
 
 





Step Shear Force (kips) 
Initiation of diagonal cracking 31.0 
Failure 36.47 
 
Crack angle 31 degrees 
 
 
Figure C.21 – Initiation of diagonal cracking in specimen HVFA-R3-NS-1 
 
 





Step Shear Force (kips) 
Initiation of diagonal cracking 27.0 
Failure 34.66 
 
Crack angle 24 degrees 
 
 
Figure C.23 – Initiation of diagonal cracking in specimen HVFA-R3-NS-2 
 
 





Step Shear Force (kips) 
Initiation of diagonal cracking 44.0 
Failure 68.61 
 
Crack angle 29 degrees 
 
 
Figure C.25 – Initiation of diagonal cracking in specimen CC-R4-NS-1 
 
 





Step Shear Force (kips) 
Initiation of diagonal cracking 43.5 
Failure 45.80 
 
Crack angle 29 degrees 
 
 
Figure C.27 – Initiation of diagonal cracking in specimen CC-R4-NS-2 
 
 






Step Shear Force (kips) 
Initiation of diagonal cracking 32.5 
Failure 49.04 
 
Crack angle 31 degrees 
 
 
Figure C.29 – Initiation of diagonal cracking in specimen CC-R4-NS-3 
 
 







Step Shear Force (kips) 
Initiation of diagonal cracking 23.0 
Failure 26.14 
 
Crack angle 40 degrees 
 
 
Figure C.31 – Initiation of diagonal cracking in specimen HVFA-R4-NS-1 
 
 





Step Shear Force (kips) 
Initiation of diagonal cracking 27.5 
Failure 50.76 
 
Crack angle 40 degrees 
 
 
Figure C.33 – Initiation of diagonal cracking in specimen HVFA-R4-NS-2 
 
 





Step Shear Force (kips) 
Initiation of diagonal cracking 28.0 
Failure 42.97 
 
Crack angle 36 degrees 
 
 
Figure C.35 – Initiation of diagonal cracking in specimen HVFA-R4-NS-3 
 
 








Step Shear Force (kips) 
Initiation of diagonal cracking 43.0 
Failure 75.02 
 
Crack angle 33 degrees 
 
 
Figure C.37 – Initiation of diagonal cracking in specimen CC-R3-7-1 
 
 





Step Shear Force (kips) 
Initiation of diagonal cracking 40.0 
Failure 80.80 
 
Crack angle 34 degrees 
 
 
Figure C.39 – Initiation of diagonal cracking in specimen CC-R3-7-2 
 
 





Step Shear Force (kips) 
Initiation of diagonal cracking 40.0 
Failure 77.37 
 
Crack angle 29 degrees 
 
 
Figure C.41 – Initiation of diagonal cracking in specimen CC-R3-7-3 
 
 





Step Shear Force (kips) 
Initiation of diagonal cracking 26.5 
Failure 65.09 
 
Crack angle 38 degrees 
 
 
Figure C.43 – Initiation of diagonal cracking in specimen HVFA-R3-7-1 
 
 





Step Shear Force (kips) 
Initiation of diagonal cracking 30.0 
Failure 71.91 
 
Crack angle 32 degrees 
 
 
Figure C.45 – Initiation of diagonal cracking in specimen HVFA-R3-7-2 
 
 





Step Shear Force (kips) 
Initiation of diagonal cracking 30.0 
Failure 72.85 
 
Crack angle 23 degrees 
 
 
Figure C.47 – Initiation of diagonal cracking in specimen HVFA-R3-7-3 
 
 





Step Shear Force (kips) 
Initiation of diagonal cracking 56.0 
Failure 91.68 
 
Crack angle 33 degrees 
 
 
Figure C.49 – Initiation of diagonal cracking in specimen CC-R4-7-1 
 
 





Step Shear Force (kips) 
Initiation of diagonal cracking 48.0 
Failure 97.62 
 
Crack angle 35 degrees 
 
 
Figure C.51 – Initiation of diagonal cracking in specimen CC-R4-7-2 
 
 





Step Shear Force (kips) 
Initiation of diagonal cracking 47.5 
Failure 97.87 
 
Crack angle 33 degrees 
 
 
Figure C.53 – Initiation of diagonal cracking in specimen CC-R4-7-3 
 
 





Step Shear Force (kips) 
Initiation of diagonal cracking 28.0 
Failure 60.60 
 
Crack angle 37 degrees 
 
 
Figure C.55 – Initiation of diagonal cracking in specimen HVFA-R4-7-1 
 
 





Step Shear Force (kips) 
Initiation of diagonal cracking 30.0 
Failure 72.06 
 
Crack angle 27 degrees 
 
 
Figure C.57 – Initiation of diagonal cracking in specimen HVFA-R4-7-2 
 
 





Step Shear Force (kips) 
Initiation of diagonal cracking 28.0 
Failure 65.36 
 
Crack angle 32 degrees 
 
 
Figure C.59 – Initiation of diagonal cracking in specimen HVFA-R4-7-3 
 
 





Step Shear Force (kips) 
Initiation of diagonal cracking 45.0 
Failure 108.45 
 
Crack angle 31 degrees 
 
 
Figure C.61 – Initiation of diagonal cracking in specimen CC-R4-5-1 
 








Step Shear Force (kips) 
Initiation of diagonal cracking 45.0 
Failure 101.81 
 
Crack angle 27 degrees 
 
 
Figure C.63 – Initiation of diagonal cracking in specimen CC-R4-5-2 
 








Step Shear Force (kips) 
Initiation of diagonal cracking 53.0 
Failure 94.06 
 
Crack angle 32 degrees 
 
 
Figure C.65 – Initiation of diagonal cracking in specimen CC-R4-5-3 
 
 





Step Shear Force (kips) 
Initiation of diagonal cracking 42.5 
Failure 97.89 
 
Crack angle 30 degrees 
 
 
Figure C.67 – Initiation of diagonal cracking in specimen HVFA-R4-5-1 
 








Step Shear Force (kips) 
Initiation of diagonal cracking 44.0 
Failure 91.53 
 
Crack angle 26 degrees 
 
 
Figure C.69 – Initiation of diagonal cracking in specimen HVFA-R4-5-2 
 
 





Step Shear Force (kips) 
Initiation of diagonal cracking 41.5 
Failure 81.27 
 
Crack angle 28 degrees 
 
 
Figure C.71 – Initiation of diagonal cracking in specimen HVFA-R4-5-3 
 
 
Figure C.72 – Failure in specimen HVFA-R4-5-3 
 
 
 Figure D.1 – Specimen CC-R1-NS-1; Longitudinal 1 
 
 
Figure D.2 – Specimen CC-R1-NS-1; Longitudinal 2 
 Figure D.3 – Specimen CC-R1-NS-2; Longitudinal 1 
 
 
Figure D.4 – Specimen CC-R1-NS-2; Longitudinal 2 
 Figure D.5 – Specimen HVFA-R1-NS-1; Longitudinal 1 
 
 
Figure D.6 – Specimen HVFA-R1-NS-1; Longitudinal 2 
 Figure D.7 – Specimen HVFA-R1-NS-2; Longitudinal 1 
 
 
Figure D.8 – Specimen HVFA-R1-NS-2; Longitudinal 2 
 Figure D.9 – Specimen CC-R2-NS-1; Longitudinal 1 
 
 
Figure D.10 – Specimen CC-R2-NS-1; Longitudinal 2 
 Figure D.11 – Specimen CC-R2-NS-2; Longitudinal 1 
 
 
Figure D.12 – Specimen CC-R2-NS-2; Longitudinal 2 
 Figure D.13 – Specimen HVFA-R2-NS-1; Longitudinal 1 
 
 
Figure D.14 – Specimen HVFA-R2-NS-1; Longitudinal 2 
 Figure D.15 – Specimen HVFA-R2-NS-2; Longitudinal 1 
 
 
Figure D.16 – Specimen HVFA-R2-NS-2; Longitudinal 2 
 Figure D.17 – Specimen CC-R3-NS-1; Longitudinal 1 
 
 
Figure D.18 – Specimen CC-R3-NS-1; Longitudinal 2 
 Figure D.19 – Specimen CC-R3-NS-2; Longitudinal 1 
 
 
Figure D.20 – Specimen CC-R3-NS-2; Longitudinal 2 
 Figure D.21 – Specimen HVFA-R3-NS-1; Longitudinal 1 
 
 
Figure D.22 – Specimen HVFA-R3-NS-1; Longitudinal 2 
 Figure D.23 – Specimen HVFA-R3-NS-2; Longitudinal 1 
 
 
Figure D.24 – Specimen HVFA-R3-NS-2; Longitudinal 2 
 Figure D.25 – Specimen CC-R4-NS-2; Stirrup 1 
 
 
Figure D.26 – Specimen CC-R4-NS-2; Stirrup 2 
 Figure D.27 – Specimen CC-R4-NS-2; Stirrup 3 
 
 
Figure D.28 – Specimen CC-R4-NS-2; Stirrup 4 
 Figure D.29 – Specimen CC-R4-NS-2; Longitudinal 1 
 
 
Figure D.30 – Specimen CC-R4-NS-2; Longitudinal 2 
 Figure D.31 – Specimen CC-R4-NS-3; Stirrup 1 
 
 
Figure D.32 – Specimen CC-R4-NS-3; Stirrup 2 
 Figure D.33 – Specimen CC-R4-NS-3; Stirrup 3 
 
 
Figure D.34 – Specimen CC-R4-NS-3; Stirrup 4 
 Figure D.35 – Specimen CC-R4-NS-3; Longitudinal 1 
 
 
Figure D.36 – Specimen CC-R4-NS-3; Longitudinal 2 
 Figure D.37 – Specimen HVFA-R4-NS-2; Stirrup 1 
 
 
Figure D.38 – Specimen HVFA-R4-NS-2; Stirrup 2 
 Figure D.39 – Specimen HVFA-R4-NS-2; Stirrup 3 
 
 
Figure D.40 – Specimen HVFA-R4-NS-2; Stirrup 4 
 Figure D.41 – Specimen HVFA-R4-NS-2; Longitudinal 1 
 
 
Figure D.42 – Specimen HVFA-R4-NS-2; Longitudinal 2 
 Figure D.43 – Specimen HVFA-R4-NS-3; Stirrup 1 
 
 
Figure D.44 – Specimen HVFA-R4-NS-3; Stirrup 2 
 Figure D.45 – Specimen HVFA-R4-NS-3; Stirrup 3 
 
 
Figure D.46 – Specimen HVFA-R4-NS-3; Stirrup 4 
 Figure D.47 – Specimen HVFA-R4-NS-3; Longitudinal 1 
 
 
Figure D.48 – Specimen HVFA-R4-NS-3; Longitudinal 2 
 Figure D.49 – Specimen CC-R3-7-2; Stirrup 1 
 
 
Figure D.50 – Specimen CC-R3-7-2; Stirrup 2 
 Figure D.51 – Specimen CC-R3-7-2; Stirrup 3 
 
 
Figure D.52 – Specimen CC-R3-7-2; Stirrup 4 
 Figure D.53 – Specimen CC-R3-7-2; Stirrup 5 
 
 
Figure D.54 – Specimen CC-R3-7-2; Stirrup 6 
 Figure D.55 – Specimen CC-R3-7-2; Stirrup 7 
 
 
Figure D.56 – Specimen CC-R3-7-2; Stirrup 8 
 Figure D.57 – Specimen CC-R3-7-2; Stirrup 9 
 
 
Figure D.58 – Specimen CC-R3-7-2; Stirrup 10 
 Figure D.59 – Specimen CC-R3-7-2; Stirrup 11 
 
 
Figure D.60 – Specimen CC-R3-7-2; Stirrup 12 
 Figure D.61 – Specimen CC-R3-7-2; Longitudinal 1 
 
 
Figure D.62 – Specimen CC-R3-7-2; Longitudinal 2 
 Figure D.63 – Specimen CC-R3-7-3; Stirrup 1 
 
 
Figure D.64 – Specimen CC-R3-7-3; Stirrup 2 
 Figure D.65 – Specimen CC-R3-7-3; Stirrup 3 
 
 
Figure D.66 – Specimen CC-R3-7-3; Stirrup 4 
 Figure D.67 – Specimen CC-R3-7-3; Stirrup 5 
 
 
Figure D.68 – Specimen CC-R3-7-3; Stirrup 6 
 Figure D.69 – Specimen CC-R3-7-3; Stirrup 7 
 
 
Figure D.70 – Specimen CC-R3-7-3; Stirrup 8 
 Figure D.71 – Specimen CC-R3-7-3; Stirrup 9 
 
 
Figure D.72 – Specimen CC-R3-7-3; Stirrup 10 
 Figure D.73 – Specimen CC-R3-7-3; Stirrup 11 
 
 
Figure D.74 – Specimen CC-R3-7-3; Stirrup 12 
 Figure D.75 – Specimen CC-R3-7-3; Longitudinal 1 
 
 
Figure D.76 – Specimen CC-R3-7-3; Longitudinal 2 
 Figure D.77 – Specimen HVFA-R3-7-2; Stirrup 1 
 
 
Figure D.78 – Specimen HVFA-R3-7-2; Stirrup 2 
 Figure D.79 – Specimen HVFA-R3-7-2; Stirrup 3 
 
 
Figure D.80 – Specimen HVFA-R3-7-2; Stirrup 4 
 Figure D.81 – Specimen HVFA-R3-7-2; Stirrup 5 
 
 
Figure D.82 – Specimen HVFA-R3-7-2; Stirrup 6 
 Figure D.83 – Specimen HVFA-R3-7-2; Stirrup 7 
 
 
Figure D.84 – Specimen HVFA-R3-7-2; Stirrup 8 
 Figure D.85 – Specimen HVFA-R3-7-2; Stirrup 9 
 
 
Figure D.86 – Specimen HVFA-R3-7-2; Stirrup 10 
 Figure D.87 – Specimen HVFA-R3-7-2; Stirrup 11 
 
 
Figure D.88 – Specimen HVFA-R3-7-2; Stirrup 12 
 Figure D.89 – Specimen HVFA-R3-7-2; Longitudinal 1 
 
 
Figure D.90 – Specimen HVFA-R3-7-2; Longitudinal 2 
 Figure D.91 – Specimen HVFA-R3-7-3; Stirrup 1 
 
 
Figure D.92 – Specimen HVFA-R3-7-3; Stirrup 2 
 Figure D.93 – Specimen HVFA-R3-7-3; Stirrup 3 
 
 
Figure D.94 – Specimen HVFA-R3-7-3; Stirrup 4 
 Figure D.95 – Specimen HVFA-R3-7-3; Stirrup 5 
 
 
Figure D.96 – Specimen HVFA-R3-7-3; Stirrup 6 
 Figure D.97 – Specimen HVFA-R3-7-3; Stirrup 7 
 
 
Figure D.98 – Specimen HVFA-R3-7-3; Stirrup 8 
 Figure D.99 – Specimen HVFA-R3-7-3; Stirrup 9 
 
 
Figure D.100 – Specimen HVFA-R3-7-3; Stirrup 10 
 Figure D.101 – Specimen HVFA-R3-7-3; Stirrup 11 
 
 
Figure D.102 – Specimen HVFA-R3-7-3; Stirrup 12 
 Figure D.103 – Specimen HVFA-R3-7-3; Longitudinal 1 
 
 
Figure D.104 – Specimen HVFA-R3-7-3; Longitudinal 2 
 Figure D.105 – Specimen CC-R4-7-2; Stirrup 1 
 
 
Figure D.106 – Specimen CC-R4-7-2; Stirrup 2 
 Figure D.107 – Specimen CC-R4-7-2; Stirrup 3 
 
 
Figure D.108 – Specimen CC-R4-7-2; Stirrup 4 
 Figure D.109 – Specimen CC-R4-7-2; Stirrup 5 
 
 
Figure D.110 – Specimen CC-R4-7-2; Stirrup 6 
 Figure D.111 – Specimen CC-R4-7-2; Stirrup 7 
 
 
Figure D.112 – Specimen CC-R4-7-2; Stirrup 8 
 Figure D.113 – Specimen CC-R4-7-2; Stirrup 9 
 
 
Figure D.114 – Specimen CC-R4-7-2; Stirrup 10 
 Figure D.115 – Specimen CC-R4-7-2; Stirrup 11 
 
 
Figure D.116 – Specimen CC-R4-7-2; Stirrup 12 
 Figure D.117 – Specimen CC-R4-7-2; Longitudinal 1 
 
 
Figure D.118 – Specimen CC-R4-7-2; Longitudinal 2 
 Figure D.119 – Specimen CC-R4-7-3; Stirrup 1 
 
 
Figure D.120 – Specimen CC-R4-7-3; Stirrup 2 
 Figure D.121 – Specimen CC-R4-7-3; Stirrup 3 
 
 
Figure D.122 – Specimen CC-R4-7-3; Stirrup 4 
 Figure D.123 – Specimen CC-R4-7-3; Stirrup 5 
 
 
Figure D.124 – Specimen CC-R4-7-3; Stirrup 6 
 Figure D.125 – Specimen CC-R4-7-3; Stirrup 7 
 
 
Figure D.126 – Specimen CC-R4-7-3; Stirrup 8 
 Figure D.127 – Specimen CC-R4-7-3; Stirrup 9 
 
 
Figure D.128 – Specimen CC-R4-7-3; Stirrup 10 
 Figure D.129 – Specimen CC-R4-7-3; Stirrup 11 
 
 
Figure D.130 – Specimen CC-R4-7-3; Stirrup 12 
 Figure D.131 – Specimen CC-R4-7-3; Longitudinal 1 
 
 
Figure D.132 – Specimen CC-R4-7-3; Longitudinal 2 
 Figure D.133 – Specimen HVFA-R4-7-2; Stirrup 1 
 
 
Figure D.134 – Specimen HVFA-R4-7-2; Stirrup 2 
 Figure D.135 – Specimen HVFA-R4-7-2; Stirrup 3 
 
 
Figure D.136 – Specimen HVFA-R4-7-2; Stirrup 4 
 Figure D.137 – Specimen HVFA-R4-7-2; Stirrup 5 
 
 
Figure D.138 – Specimen HVFA-R4-7-2; Stirrup 6 
 Figure D.139 – Specimen HVFA-R4-7-2; Stirrup 7 
 
 
Figure D.140 – Specimen HVFA-R4-7-2; Stirrup 8 
 Figure D.141 – Specimen HVFA-R4-7-2; Stirrup 9 
 
 
Figure D.142 – Specimen HVFA-R4-7-2; Stirrup 10 
 Figure D.143 – Specimen HVFA-R4-7-2; Stirrup 11 
 
 
Figure D.144 – Specimen HVFA-R4-7-2; Stirrup 12 
 Figure D.145 – Specimen HVFA-R4-7-2; Longitudinal 1 
 
 
Figure D.146 – Specimen HVFA-R4-7-2; Longitudinal 2 
 Figure D.147 – Specimen HVFA-R4-7-3; Stirrup 1 
 
 
Figure D.148 – Specimen HVFA-R4-7-3; Stirrup 2 
 Figure D.149 – Specimen HVFA-R4-7-3; Stirrup 3 
 
 
Figure D.150 – Specimen HVFA-R4-7-3; Stirrup 4 
 Figure D.151 – Specimen HVFA-R4-7-3; Stirrup 5 
 
 
Figure D.152 – Specimen HVFA-R4-7-3; Stirrup 6 
 Figure D.153 – Specimen HVFA-R4-7-3; Stirrup 7 
 
 
Figure D.154 – Specimen HVFA-R4-7-3; Stirrup 8 
 Figure D.155 – Specimen HVFA-R4-7-3; Stirrup 9 
 
 
Figure D.156 – Specimen HVFA-R4-7-3; Stirrup 10 
 Figure D.157 – Specimen HVFA-R4-7-3; Stirrup 11 
 
 
Figure D.158 – Specimen HVFA-R4-7-3; Stirrup 12 
 Figure D.159 – Specimen HVFA-R4-7-3; Longitudinal 1 
 
 
Figure D.160 – Specimen HVFA-R4-7-3; Longitudinal 2 
 Figure D.161 – Specimen CC-R4-5-2; Stirrup 1 
 
 
Figure D.162 – Specimen CC-R4-5-2; Stirrup 2 
 Figure D.163 – Specimen CC-R4-5-2; Stirrup 3 
 
 
Figure D.164 – Specimen CC-R4-5-2; Stirrup 4 
 Figure D.165 – Specimen CC-R4-5-2; Stirrup 5 
 
 
Figure D.166 – Specimen CC-R4-5-2; Stirrup 6 
 Figure D.167 – Specimen CC-R4-5-2; Stirrup 7 
 
 
Figure D.168 – Specimen CC-R4-5-2; Stirrup 8 
 Figure D.169 – Specimen CC-R4-5-2; Stirrup 9 
 
 
Figure D.170 – Specimen CC-R4-5-2; Stirrup 10 
 Figure D.171 – Specimen CC-R4-5-2; Longitudinal 1 
 
 
Figure D.172 – Specimen CC-R4-5-2; Longitudinal 2 
 Figure D.173 – Specimen CC-R4-5-3; Stirrup 1 
 
 
Figure D.174 – Specimen CC-R4-5-3; Stirrup 2 
 Figure D.175 – Specimen CC-R4-5-3; Stirrup 3 
 
 
Figure D.176 – Specimen CC-R4-5-3; Stirrup 4 
 Figure D.177 – Specimen CC-R4-5-3; Stirrup 5 
 
 
Figure D.178 – Specimen CC-R4-5-3; Stirrup 6 
 Figure D.179 – Specimen CC-R4-5-3; Stirrup 7 
 
 
Figure D.180 – Specimen CC-R4-5-3; Stirrup 8 
 Figure D.181 – Specimen CC-R4-5-3; Stirrup 9 
 
 
Figure D.182 – Specimen CC-R4-5-3; Stirrup 10 
 Figure D.183 – Specimen CC-R4-5-3; Longitudinal 1 
 
 
Figure D.184 – Specimen CC-R4-5-3; Longitudinal 2 
 Figure D.185 – Specimen HVFA-R4-5-2; Stirrup 1 
 
 
Figure D.186 – Specimen HVFA-R4-5-2; Stirrup 2 
 Figure D.187 – Specimen HVFA-R4-5-2; Stirrup 3 
 
 
Figure D.188 – Specimen HVFA-R4-5-2; Stirrup 4 
 Figure D.189 – Specimen HVFA-R4-5-2; Stirrup 5 
 
 
Figure D.190 – Specimen HVFA-R4-5-2; Stirrup 6 
 Figure D.191 – Specimen HVFA-R4-5-2; Stirrup 7 
 
 
Figure D.192 – Specimen HVFA-R4-5-2; Stirrup 8 
 Figure D.193 – Specimen HVFA-R4-5-2; Stirrup 9 
 
 
Figure D.194 – Specimen HVFA-R4-5-2; Stirrup 10 
 Figure D.195 – Specimen HVFA-R4-5-2; Longitudinal 1 
 
 
Figure D.196 – Specimen HVFA-R4-5-2; Longitudinal 2 
 Figure D.197 – Specimen HVFA-R4-5-3; Stirrup 1 
 
 
Figure D.198 – Specimen HVFA-R4-5-3; Stirrup 2 
 Figure D.199 – Specimen HVFA-R4-5-3; Stirrup 3 
 
 
Figure D.200 – Specimen HVFA-R4-5-3; Stirrup 4 
 Figure D.201 – Specimen HVFA-R4-5-3; Stirrup 5 
 
 
Figure D.202 – Specimen HVFA-R4-5-3; Stirrup 6 
 Figure D.203 – Specimen HVFA-R4-5-3; Stirrup 7 
 
 
Figure D.204 – Specimen HVFA-R4-5-3; Stirrup 8 
 Figure D.205 – Specimen HVFA-R4-5-3; Stirrup 9 
 
 
Figure D.206 – Specimen HVFA-R4-5-3; Stirrup 10 
 Figure D.207 – Specimen HVFA-R4-5-3; Longitudinal 1 
 
 
Figure D.208 – Specimen HVFA-R4-5-3; Longitudinal 2 
 Figure E.1 – Shear component diagram of CC-R3-7-2 
 
 
Figure E.2 – Shear component diagram of CC-R3-7-3 
 Figure E.3 – Shear component diagram of HVFA-R3-7-2 
 
 
Figure E.4 – Shear component diagram of HVFA-R3-7-3 
 Figure E.5 – Shear component diagram of CC-R4-7-2 
 
 
Figure E.6 – Shear component diagram of CC-R4-7-3 
 Figure E.7 – Shear component diagram of HVFA-R4-7-2 
 
 
Figure E.8 – Shear component diagram of HVFA-R4-7-3 
 Figure E.9 – Shear component diagram of CC-R4-5-3 
 
 
Figure E.10 – Shear component diagram of HVFA-R4-5-2 
 Figure E.11 – Shear component diagram of HVFA-R4-5-3 
 
 Figure F.1 – Principal tensile strain of CC-R3-7 subgroup 
 
 
Figure F.2 – Principal compressive strain of CC-R3-7 subgroup 
 Figure F.3 – Principal shear strain of CC-R3-7 subgroup 
 
 
Figure F.4 – Principal tensile strain of HVFA-R3-7 subgroup 
 Figure F.5 – Principal compressive strain of HVFA-R3-7 subgroup 
 
 
Figure F.6 – Principal shear strain of HVFA-R3-7 subgroup 
 Figure F.7 – Principal tensile strain of CC-R4-7 subgroup 
 
 
Figure F.8 – Principal compressive strain of CC-R4-7 subgroup 
 Figure F.9 – Principal shear strain of CC-R4-7 subgroup 
 
 
Figure F.10 – Principal tensile strain of HVFA-R4-7 subgroup 
 Figure F.11 – Principal compressive strain of HVFA-R4-7 subgroup 
 
 
Figure F.12 – Principal shear strain of HVFA-R4-7 subgroup 
 Figure F.13 – Principal tensile strain of CC-R4-5 subgroup 
 
 
Figure F.14 – Principal compressive strain of CC-R4-5 subgroup 
 Figure F.15 – Principal shear strain of CC-R4-5 subgroup 
 
 
Figure F.16 – Principal tensile strain of HVFA-R4-5 subgroup 
 Figure F.17 – Principal compressive strain of HVFA-R4-5 subgroup 
 
 
Figure F.18 – Principal shear strain of HVFA-R4-5 subgroup 
 Figure G.1 – CMOD Plot for CC-FE-1-1 
 
 
Figure G.2 – PLD Plot for CC-FE-1-1 
 Figure G.3 – CMOD Plot for CC-FE-1-2 
 
 
Figure G.4 – PLD Plot for CC-FE-1-2 
 Figure G.5 – CMOD Plot for CC-FE-1-3 
 
 
Figure G.6 – PLD Plot for CC-FE-1-3 
 Figure G.7 – CMOD Plot for CC-FE-1-4 
 
 
Figure G.8 – PLD Plot for CC-FE-1-4 
 Figure G.9 – CMOD Plot for CC-FE-1.5-1 
 
 
Figure G.10 – PLD Plot for CC-FE-1.5-1 
 Figure G.11 – CMOD Plot for CC-FE-1.5-2 
 
 
Figure G.12 – PLD Plot for CC-FE-1.5-2 
 Figure G.13 – CMOD Plot for CC-FE-1.5-3 
 
 
Figure G.14 – PLD Plot for CC-FE-1.5-3 
 Figure G.15 – CMOD Plot for CC-FE-1.5-4 
 
 
Figure G.16 – PLD Plot for CC-FE-1.5-4 
 Figure G.17 – CMOD Plot for CC-FE-2-1 
 
 
Figure G.18 – PLD Plot for CC-FE-2-1 
 Figure G.19 – CMOD Plot for CC-FE-2-2 
 
 
Figure G.20 – PLD Plot for CC-FE-2-2 
 Figure G.21 – CMOD Plot for CC-FE-2-3 
 
 
Figure G.22 – PLD Plot for CC-FE-2-3 
 Figure G.23 – CMOD Plot for CC-FE-2-4 
 
 
Figure G.24 – PLD Plot for CC-FE-2-4 
 Figure G.25 – CMOD Plot for HVFA-FE-1-1 
 
 
Figure G.26 – PLD Plot for HVFA-FE-1-1 
 Figure G.27 – CMOD Plot for HVFA-FE-1-2 
 
 
Figure G.28 – PLD Plot for HVFA-FE-1-2 
 Figure G.29 – CMOD Plot for HVFA-FE-1-3 
 
 
Figure G.30 – PLD Plot for HVFA-FE-1-3 
 Figure G.31 – CMOD Plot for HVFA-FE-1-4 
 
 
Figure G.32 – PLD Plot for HVFA-FE-1-4 
 Figure G.33 – CMOD Plot for HVFA-FE-1.5-1 
 
 
Figure G.34 – PLD Plot for HVFA-FE-1.5-1 
 Figure G.35 – CMOD Plot for HVFA-FE-1.5-2 
 
 
Figure G.36 – PLD Plot for HVFA-FE-1.5-2 
 Figure G.37 – CMOD Plot for HVFA-FE-1.5-3 
 
 
Figure G.38 – PLD Plot for HVFA-FE-1.5-3 
 Figure G.39 – CMOD Plot for HVFA-FE-1.5-4 
 
 
Figure G.40 – PLD Plot for HVFA-FE-1.5-4 
 Figure G.41 – CMOD Plot for HVFA-FE-1.5-5 
 
 
Figure G.42 – PLD Plot for HVFA-FE-1.5-5 
 Figure G.43 – CMOD Plot for HVFA-FE-1.5-6 
 
 
Figure G.44 – PLD Plot for HVFA-FE-1.5-6 
 Figure G.45 – CMOD Plot for HVFA-FE-1.5-7 
 
 
Figure G.46 – PLD Plot for HVFA-FE-1.5-7 
 Figure G.47 – CMOD Plot for HVFA-FE-1.5-8 
 
 
Figure G.48 – PLD Plot for HVFA-FE-1.5-8 
 Figure G.49 – CMOD Plot for HVFA-FE-2-1 
 
 
Figure G.50 – PLD Plot for HVFA-FE-2-1 
 Figure G.51 – CMOD Plot for HVFA-FE-2-2 
 
 
Figure G.52 – PLD Plot for HVFA-FE-2-2 
 Figure G.53 – CMOD Plot for HVFA-FE-2-3 
 
 
Figure G.54 – PLD Plot for HVFA-FE-2-3 
 Figure G.55 – CMOD Plot for HVFA-FE-2-4 
 
 
Figure G.56 – PLD Plot for HVFA-FE-2-4 
 Figure G.57 – CMOD Plot for HVFA-FE-2-5 
 
 
Figure G.58 – PLD Plot for HVFA-FE-2-5 
 Figure G.59 – CMOD Plot for HVFA-FE-2-6 
 
 
Figure G.60 – PLD Plot for HVFA-FE-2-6 
 Figure G.61 – CMOD Plot for HVFA-FE-2-7 
 
 
Figure G.62 – PLD Plot for HVFA-FE-2-7 
 Figure G.63 – CMOD Plot for HVFA-FE-2-8 
 
 




STANDARD: ASTM C 39 
 
SPECIMEN: 
Sample type:     4 in. x 8 in. Concrete cylinder 
Load rate:     525 lb/sec 
Diameter:     4 in. 
Length:     8 in. 
Area:      12.57 in2 
 
CC-Baseline 








1 32,595 30,060 34,380 
3 47,880 46,215 47,805 
7 59,580 53,085 60,810 
28 75,285 68,550 67,650 
56 78,975 79,845 75,600 
 






1 32,345 2,570 
3 47,300 3,760 
7 57,825 4,600 
28 70,495 5,610 







STANDARD: ASTM C 39 
 
SPECIMEN: 
Sample type:     4 in. x 8 in. Concrete cylinder 
Load rate:     525 lb/sec 
Diameter:     4 in. 
Length:     8 in. 
Area:      12.57 in2 
 
HVFA-Baseline 








1 9,075 8,730 9,330 
3 17,160 16,725 18,180 
7 25,845 24,870 24,840 
28 39,600 38,790 36,390 
56 55,260 48,260 52,040 
 






1 9,045 720 
3 17,355 1,380 
7 25,185 2,000 
28 38,260 3,040 







STANDARD: ASTM C 39 
 
SPECIMEN: 
Sample type:     4 in. x 8 in. Concrete cylinder 
Load rate:     525 lb/sec 
Diameter:     4 in. 
Length:     8 in. 
Area:      12.57 in2 
 
HVFA-R1,R2,R3-NS-1 








1 12,870 13,515 13,005 
3 23,805 25,935 23,325 
7 33,435 33,810 35,115 
28 38,190 39,795 42,405 
56 44,640 42,390 46,560 
 






1 13,130 1,040 
3 24,355 1,940 
7 34,120 2,710 
28 40,130 3,190 







STANDARD: ASTM C 39 
 
SPECIMEN: 
Sample type:     4 in. x 8 in. Concrete cylinder 
Load rate:     525 lb/sec 
Diameter:     4 in. 
Length:     8 in. 
Area:      12.57 in2 
 
HVFA-R1,R2,R3-NS-2 








1 9,780 9,555 8,625 
3 18,780 20,295 19,455 
7 31,260 31,335 30,720 
28 41,895 37,755 38,415 
56 38,760 48,705 41,940 
 






1 9,320 740 
3 19,510 1,550 
7 31,105 2,470 
28 39,355 3,130 







STANDARD: ASTM C 39 
 
SPECIMEN: 
Sample type:     4 in. x 8 in. Concrete cylinder 
Load rate:     525 lb/sec 
Diameter:     4 in. 
Length:     8 in. 
Area:      12.57 in2 
 
HVFA-R4-NS 








1 - - - 
3 21,900 21,240 21,225 
7 34,290 34,485 36,735 
28 50,040 53,745 54,900 
56 52,705 52,425 53,520 
 






1 - - 
3 21,455 1,710 
7 35,170 2,800 
28 52,895 4,210 







STANDARD: ASTM C 39 
 
SPECIMEN: 
Sample type:     4 in. x 8 in. Concrete cylinder 
Load rate:     525 lb/sec 
Diameter:     4 in. 
Length:     8 in. 
Area:      12.57 in2 
 
HVFA-R3-7 








1 12,570 11,955 11,745 
3 24,270 23,505 24,570 
7 32,685 32,070 32,625 
28 42,825 36,060 38,100 
56 40,845 39,015 42,390 
 






1 12,090 960 
3 24,115 1,920 
7 32,460 2,580 
28 38,995 3,100 







STANDARD: ASTM C 39 
 
SPECIMEN: 
Sample type:     4 in. x 8 in. Concrete cylinder 
Load rate:     525 lb/sec 
Diameter:     4 in. 
Length:     8 in. 
Area:      12.57 in2 
 
HVFA-R4-7 








1 7,485 7,425 8,040 
3 16,365 17,910 16,425 
7 23,790 23,715 24,120 
28 33,120 33,810 32,670 
56 51,255 53,100 49,590 
 






1 7,650 610 
3 16,900 1,340 
7 23,875 1,900 
28 33,200 2,640 







STANDARD: ASTM C 39 
 
SPECIMEN: 
Sample type:     4 in. x 8 in. Concrete cylinder 
Load rate:     525 lb/sec 
Diameter:     4 in. 
Length:     8 in. 
Area:      12.57 in2 
 
HVFA-R4-5 








1 11,685 11,880 11,655 
3 23,325 23,130 24,435 
7 31,125 31,455 29,520 
28 58,260 61,755 57,750 
56 57,975 60,660 59,100 
 






1 11,740 930 
3 23,630 1,880 
7 30,700 2,440 
28 59,255 4,710 




FLEXURAL STRENGTH: MODULUS OF RUPTURE 
 
 
STANDARD: ASTM C 78 
 
SPECIMEN: 
Sample type:     6 in. x 6 in. x 24 in. Concrete beam 
Load type:     Third point 
Load rate:     30 lb/sec 
Geometry:     Beam 3rd 
Width:      6 in. 
Depth:      6 in.  
Span length:     18 in. 
Area:      12 in2 
 
 
CC Mix Batch #1 
Specimen Load (lb) Stress (psi) 
# 1 4,690 382 
# 2 4,412 359 
# 3 4,651 376 
# 4 4,812 390 
 
 
Compressive strength 5,060 psi 
Average stress 377 psi 
Modulus of rupture =  534 psi 




FLEXURAL STRENGTH: MODULUS OF RUPTURE 
 
 
STANDARD: ASTM C 78 
 
SPECIMEN: 
Sample type:     6 in. x 6 in. x 24 in. Concrete beam 
Load type:     Third point 
Load rate:     30 lb/sec 
Geometry:     Beam 3rd 
Width:      6 in. 
Depth:      6 in.  
Span length:     18 in. 
Area:      12 in2 
 
 
CC Mix Batch #2 
Specimen Load (lb) Stress (psi) 
# 1 5,587 377 
# 2 5,703 376 
# 3 6,279 426 
# 4 5,345 344 
 
 
Compressive strength 5,670 psi 
Average stress 381 psi 
Modulus of rupture =  565 psi 




FLEXURAL STRENGTH: MODULUS OF RUPTURE 
 
 
STANDARD: ASTM C 78 
 
SPECIMEN: 
Sample type:     6 in. x 6 in. x 24 in. Concrete beam 
Load type:     Third point 
Load rate:     30 lb/sec 
Geometry:     Beam 3rd 
Width:      6 in. 
Depth:      6 in.  
Span length:     18 in. 
Area:      12 in2 
 
 
HVFA Mix Batch #1 
Specimen Load (lb) Stress (psi) 
# 1 4,184 344 
# 2 4,940 401 
# 3 4,366 356 
# 4 4,959 409 
 
 
Compressive strength 3,130 psi 
Average stress 378 psi 
Modulus of rupture =  420 psi 




FLEXURAL STRENGTH: MODULUS OF RUPTURE 
 
 
STANDARD: ASTM C 78 
 
SPECIMEN: 
Sample type:     6 in. x 6 in. x 24 in. Concrete beam 
Load type:     Third point 
Load rate:     30 lb/sec 
Geometry:     Beam 3rd 
Width:      6 in. 
Depth:      6 in.  
Span length:     18 in. 
Area:      12 in2 
 
 
HVFA Mix Batch #2 
Specimen Load (lb) Stress (psi) 
# 1 5,799 486 
# 2 6,189 510 
# 3 5,952 491 
# 4 6,255 513 
 
 
Compressive strength 3,100 psi 
Average stress 500 psi 
Modulus of rupture =  418 psi 




FLEXURAL STRENGTH: MODULUS OF RUPTURE 
 
 
STANDARD: ASTM C 78 
 
SPECIMEN: 
Sample type:     6 in. x 6 in. x 24 in. Concrete beam 
Load type:     Third point 
Load rate:     30 lb/sec 
Geometry:     Beam 3rd 
Width:      6 in. 
Depth:      6 in.  
Span length:     18 in. 
Area:      12 in2 
 
 
HVFA Mix Batch #3 
Specimen Load (lb) Stress (psi) 
# 1 4,331 352 
# 2 4,134 345 
# 3 4,100 337 
# 4 4,560 364 
 
 
Compressive strength 3,070 psi 
Average stress 349 psi 
Modulus of rupture =  416 psi 




FLEXURAL STRENGTH: MODULUS OF RUPTURE 
 
 
STANDARD: ASTM C 78 
 
SPECIMEN: 
Sample type:     6 in. x 6 in. x 24 in. Concrete beam 
Load type:     Third point 
Load rate:     30 lb/sec 
Geometry:     Beam 3rd 
Width:      6 in. 
Depth:      6 in.  
Span length:     18 in. 
Area:      12 in2 
 
 
HVFA Mix Batch #4 
Specimen Load (lb) Stress (psi) 
# 1 8,697 699 
# 2 8,033 654 
# 3 9,296 717 
# 4 10,230 820 
 
 
Compressive strength 6,640 psi 
Average stress 723 psi 
Modulus of rupture =  611 psi 




SPLITTING TENSILE STRENGTH TEST 
 
 
STANDARD: ASTM C 496 
 
SPECIMEN: 
Sample type:     6 in. x 12 in. Concrete cylinder 
Load rate:     250 lb/sec 
Diameter:     6 in. 




where  is the splitting tensile strength (psi),  is the maximum applied load indicated 
(lb), and  and  are the length (in.) and diameter (in.) of the cylinder, respectively. 
 
CC Mix Batch #1 
Specimen DAVG (in.) Max Load (lb) 
# 1 6.03 41,100 
# 2 6.02 53,220 
# 3 6.03 49,860 
# 4 6.01 39,045 
 
 
Average maximum load 45,806 lb 
Average compressive strength 5,060 psi 
Average tensile strength 403 psi 
Tensile coefficient 5.67  
Calculated tensile strength =  477 psi 
 
SPLITTING TENSILE STRENGTH TEST 
 
 
STANDARD: ASTM C 496 
 
SPECIMEN: 
Sample type:     6 in. x 12 in. Concrete cylinder 
Load rate:     250 lb/sec 
Diameter:     6 in. 




where  is the splitting tensile strength (psi),  is the maximum applied load indicated 
(lb), and  and  are the length (in.) and diameter (in.) of the cylinder, respectively. 
 
CC Mix Batch #2 
Specimen DAVG (in.) Max Load (lb) 
# 1 6.05 45,560 
# 2 6.05 48,345 
# 3 6.05 39,975 
# 4 6.07 38,760 
 
 
Average maximum load 43,160 lb 
Average compressive strength 5,010 psi 
Average tensile strength 378 psi 
Tensile coefficient 5.34  
Calculated tensile strength =  474 psi 
 
SPLITTING TENSILE STRENGTH TEST 
 
 
STANDARD: ASTM C 496 
 
SPECIMEN: 
Sample type:     6 in. x 12 in. Concrete cylinder 
Load rate:     250 lb/sec 
Diameter:     6 in. 




where  is the splitting tensile strength (psi),  is the maximum applied load indicated 
(lb), and  and  are the length (in.) and diameter (in.) of the cylinder, respectively. 
 
CC Mix Batch #3 
Specimen DAVG (in.) Max Load (lb) 
# 1 6.03 50,565 
# 2 6.04 49,320 
# 3 6.03 58,965 
# 4 6.04 44,670 
# 5 6.01 51,795 
 
 
Average maximum load 51,063 lb 
Average compressive strength 5,670 psi 
Average tensile strength 449 psi 
Tensile coefficient 5.96  
Calculated tensile strength =  505 psi 
SPLITTING TENSILE STRENGTH TEST 
 
 
STANDARD: ASTM C 496 
 
SPECIMEN: 
Sample type:     6 in. x 12 in. Concrete cylinder 
Load rate:     250 lb/sec 
Diameter:     6 in. 




where  is the splitting tensile strength (psi),  is the maximum applied load indicated 
(lb), and  and  are the length (in.) and diameter (in.) of the cylinder, respectively. 
 
HVFA Mix Batch #1 
Specimen DAVG (in.) Max Load (lb) 
# 1 6.01 27,600 
# 2 6.04 27,180 
# 3 6.04 29,775 
# 4 6.02 43,035 
 
 
Average maximum load 31,898 lb 
Average compressive strength 3,130 psi 
Average tensile strength 281 psi 
Tensile coefficient 5.02  
Calculated tensile strength =  375 psi 
 
SPLITTING TENSILE STRENGTH TEST 
 
 
STANDARD: ASTM C 496 
 
SPECIMEN: 
Sample type:     6 in. x 12 in. Concrete cylinder 
Load rate:     250 lb/sec 
Diameter:     6 in. 




where  is the splitting tensile strength (psi),  is the maximum applied load indicated 
(lb), and  and  are the length (in.) and diameter (in.) of the cylinder, respectively. 
 
HVFA Mix Batch #2 
Specimen DAVG (in.) Max Load (lb) 
# 1 6.03 34,755 
# 2 6.05 28,140 
# 3 6.04 42,750 
# 4 6.01 48,120 
 
 
Average maximum load 38,441 lb 
Average compressive strength 3,100 psi 
Average tensile strength 338 psi 
Tensile coefficient 6.07  
Calculated tensile strength =  373 psi 
 
SPLITTING TENSILE STRENGTH TEST 
 
 
STANDARD: ASTM C 496 
 
SPECIMEN: 
Sample type:     6 in. x 12 in. Concrete cylinder 
Load rate:     250 lb/sec 
Diameter:     6 in. 




where  is the splitting tensile strength (psi),  is the maximum applied load indicated 
(lb), and  and  are the length (in.) and diameter (in.) of the cylinder, respectively. 
 
HVFA Mix Batch #3 
Specimen DAVG (in.) Max Load (lb) 
# 1 6.05 35,865 
# 2 6.05 41,580 
# 3 6.05 41,130 
# 4 6.07 40,860 
# 5 6.03 42,180 
# 6 6.04 42,315 
 
Average maximum load 40,655 lb 
Average compressive strength 5,940 psi 
Average tensile strength 357 psi 
Tensile coefficient 4.63  
Calculated tensile strength =  516 psi 
SPLITTING TENSILE STRENGTH TEST 
 
 
STANDARD: ASTM C 496 
 
SPECIMEN: 
Sample type:     6 in. x 12 in. Concrete cylinder 
Load rate:     250 lb/sec 
Diameter:     6 in. 




where  is the splitting tensile strength (psi),  is the maximum applied load indicated 
(lb), and  and  are the length (in.) and diameter (in.) of the cylinder, respectively. 
 
HVFA Mix Batch #4 
Specimen DAVG (in.) Max Load (lb) 
# 1 6.03 31,635 
# 2 6.04 26,550 
# 3 6.03 32,865 
# 4 6.04 31,155 
# 5 6.01 27,165 
 
 
Average maximum load 29,874 lb 
Average compressive strength 3,070 psi 
Average tensile strength 263 psi 
Tensile coefficient 4.74  
Calculated tensile strength =  371 psi 
SPLITTING TENSILE STRENGTH TEST 
 
 
STANDARD: ASTM C 496 
 
SPECIMEN: 
Sample type:     6 in. x 12 in. Concrete cylinder 
Load rate:     250 lb/sec 
Diameter:     6 in. 




where  is the splitting tensile strength (psi),  is the maximum applied load indicated 
(lb), and  and  are the length (in.) and diameter (in.) of the cylinder, respectively. 
 
HVFA Mix Batch #5 
Specimen DAVG (in.) Max Load (lb) 
# 1 6.03 42,225 
# 2 6.04 58,095 
# 3 6.03 42,405 
# 4 6.04 59,955 
# 5 6.01 65,625 
 
 
Average maximum load 53,661 lb 
Average compressive strength 6,640 psi 
Average tensile strength 472 psi 
Tensile coefficient 5.79  
Calculated tensile strength =  546 psi 
MODULUS OF ELASTICITY 
 
 
STANDARD: ASTM C 469 
 
SPECIMEN: 
Sample type:     6 in. x 12 in. Concrete cylinder 
Load type:     Cyclic 
Load rate:     1,000 lb/sec 
Geometry:     Cylinder 
Diameter:     6 in. 
Length:     12 in. 
Gage length:     8 in. 
Area:      28.27 in2 
Cylinder correction factor:   1.0 
 
 
CC Mix Batch #1 
Specimen Load (lb) C 496 (psi) 
# 1 38,141 4,950,000 
# 2 38,150 4,900,000 
# 3   
 
 
Compressive strength 5,020 psi 
Average maximum load 38,146 lb 
Average C 496 4,925,000 psi 




MODULUS OF ELASTICITY 
 
 
STANDARD: ASTM C 469 
 
SPECIMEN: 
Sample type:     6 in. x 12 in. Concrete cylinder 
Load type:     Cyclic 
Load rate:     1,000 lb/sec 
Geometry:     Cylinder 
Diameter:     6 in. 
Length:     12 in. 
Gage length:     8 in. 
Area:      28.27 in2 
Cylinder correction factor:   1.0 
 
 
CC Mix Batch #2 
Specimen Load (lb) C 496 (psi) 
# 1 42,856 5,100,000 
# 2 42,847 5,300,000 
# 3 42,860 4,900,000 
 
 
Compressive strength 5,670 psi 
Average maximum load 42,854 lb 
Average C 496 5,100,000 psi 




MODULUS OF ELASTICITY 
 
 
STANDARD: ASTM C 469 
 
SPECIMEN: 
Sample type:     6 in. x 12 in. Concrete cylinder 
Load type:     Cyclic 
Load rate:     1,000 lb/sec 
Geometry:     Cylinder 
Diameter:     6 in. 
Length:     12 in. 
Gage length:     8 in. 
Area:      28.27 in2 
Cylinder correction factor:   1.0 
 
 
HVFA Mix Batch #1 
Specimen Load (lb) C 496 (psi) 
# 1 23,691 4,000,000 
# 2 26,686 3,850,000 
# 3   
 
 
Compressive strength 3,130 psi 
Average maximum load 23,689 lb 
Average C 496 3,925,000 psi 




MODULUS OF ELASTICITY 
 
 
STANDARD: ASTM C 469 
 
SPECIMEN: 
Sample type:     6 in. x 12 in. Concrete cylinder 
Load type:     Cyclic 
Load rate:     1,000 lb/sec 
Geometry:     Cylinder 
Diameter:     6 in. 
Length:     12 in. 
Gage length:     8 in. 
Area:      28.27 in2 
Cylinder correction factor:   1.0 
 
 
HVFA Mix Batch #2 
Specimen Load (lb) C 496 (psi) 
# 1 23,678 4,100,000 
# 2 23,652 3,850,000 
# 3   
 
 
Compressive strength 3,540 psi 
Average maximum load 23,665 lb 
Average C 496 3,975,000 psi 




MODULUS OF ELASTICITY 
 
 
STANDARD: ASTM C 469 
 
SPECIMEN: 
Sample type:     6 in. x 12 in. Concrete cylinder 
Load type:     Cyclic 
Load rate:     1,000 lb/sec 
Geometry:     Cylinder 
Diameter:     6 in. 
Length:     12 in. 
Gage length:     8 in. 
Area:      28.27 in2 
Cylinder correction factor:   1.0 
 
 
HVFA Mix Batch #3 
Specimen Load (lb) C 496 (psi) 
# 1 44,597 4,450,000 
# 2 44,570 4,550,000 
# 3   
 
 
Compressive strength 5,940 psi 
Average maximum load 44,584 lb 
Average C 496 4,500,000 psi 




MODULUS OF ELASTICITY 
 
 
STANDARD: ASTM C 469 
 
SPECIMEN: 
Sample type:     6 in. x 12 in. Concrete cylinder 
Load type:     Cyclic 
Load rate:     1,000 lb/sec 
Geometry:     Cylinder 
Diameter:     6 in. 
Length:     12 in. 
Gage length:     8 in. 
Area:      28.27 in2 
Cylinder correction factor:   1.0 
 
 
HVFA Mix Batch #4 
Specimen Load (lb) C 496 (psi) 
# 1 23,294 3,450,000 
# 2 23,269 3,500,000 
# 3   
 
 
Compressive strength 3,070 psi 
Average maximum load 23,282 lb 
Average C 496 3,475,000 psi 




 MODULUS OF ELASTICITY 
 
 
STANDARD: ASTM C 469 
 
SPECIMEN: 
Sample type:     6 in. x 12 in. Concrete cylinder 
Load type:     Cyclic 
Load rate:     1,000 lb/sec 
Geometry:     Cylinder 
Diameter:     6 in. 
Length:     12 in. 
Gage length:     8 in. 
Area:      28.27 in2 
Cylinder correction factor:   1.0 
 
 
HVFA Mix Batch #5 
Specimen Load (lb) C 496 (psi) 
# 1 50,164 5,500,000 
# 2   
# 3   
 
 
Compressive strength 6,640 psi 
Average maximum load 50,164 lb 
Average C 496 5,500,000 psi 
Calculated value =  4,645,000 psi 
 
Author Year Specimen Vtest a/d bw h d bear ag f'c ρ fy V test
kips in in in in in psi % ksi √f' c bd
1 Laupa et al 1953 S2 9.55 4.82 6.00 12.00 10.59 5.10 1.00 3902 2.08 41.19 2.41
2 Laupa et al 1953 S3 11.94 4.89 6.00 12.00 10.43 5.10 1.00 4685 2.52 59.47 2.79
3 Laupa et al 1953 S4 12.50 4.92 6.00 12.00 10.35 5.09 1.00 4467 3.21 44.82 3.01
4 Laupa et al 1953 S5 11.20 4.95 6.00 12.00 10.31 5.11 1.00 4337 4.11 45.69 2.75
5 Laupa et al 1953 S11 7.60 4.85 6.00 12.00 10.51 5.10 1.00 2147 1.90 47.57 2.60
6 Laupa et al 1953 S13 11.20 4.95 6.00 12.00 10.31 5.11 1.00 3800 4.11 44.09 2.93
7 Laupa et al 1953 T-3 4.41 4.30 4.00 8.00 7.01 3.01 1.00 3466 3.16 52.07 2.67
8 Laupa et al 1953 T-5a 4.99 4.30 4.00 8.00 7.01 3.01 1.00 3466 2.19 45.98 3.02
9 Laupa et al 1953 T-5b 5.10 4.30 4.00 8.00 7.01 3.01 1.00 3466 2.19 45.98 3.09
10 Laupa et al 1953 T-5c 5.19 4.30 4.00 8.00 7.01 3.01 1.00 3466 2.19 45.98 3.15
11 Laupa et al 1953 T-6b 3.89 4.30 4.00 8.00 7.01 3.01 1.00 3133 1.47 48.01 2.48
12 Laupa et al 1953 T-12a 8.00 4.30 5.79 12.00 7.01 3.01 1.00 4888 2.20 52.07 2.82
13 Laupa et al 1953 T-12b 7.60 4.30 5.79 12.00 7.01 3.01 1.00 4888 2.20 52.07 2.68
14 Laupa et al 1953 T-12c 7.19 4.30 5.79 12.00 7.01 3.01 1.00 4888 2.20 52.07 2.54
15 Laupa et al 1953 T2-Ma 9.51 3.40 6.00 12.00 10.59 3.60 1.00 4322 1.39 48.01 2.28
16 Laupa et al 1953 T2-Mb 10.00 3.50 6.00 12.00 10.59 3.71 1.00 4018 1.39 48.01 2.48
17 Moody et al 1954 A-A1 13.50 3.06 7.00 12.00 10.30 4.02 1.00 4400 2.17 60.00 2.82
18 Moody et al 1954 A-A2 15.00 3.00 7.00 12.00 10.50 4.02 1.00 4500 2.15 60.00 3.04
19 Moody et al 1954 A-A3 17.00 2.99 7.00 12.00 10.55 4.02 1.00 4500 2.22 60.00 3.43
20 Moody et al 1954 A-A4 16.00 2.96 7.00 12.00 10.63 4.02 1.00 4570 2.37 60.00 3.18
21 Moody et al 1954 A-B1 12.65 3.00 7.00 12.00 10.50 4.02 1.00 3070 1.62 60.00 3.11
22 Moody et al 1954 A-B2 13.50 2.99 7.00 12.00 10.55 4.02 1.00 3130 1.63 60.00 3.27
23 Moody et al 1954 A-B3 12.50 2.96 7.00 12.00 10.63 4.02 1.00 2790 1.60 60.00 3.18
24 Moody et al 1954 A-B4 12.50 2.95 7.00 12.00 10.69 4.02 1.00 2430 1.66 60.00 3.39
25 Moody et al 1954 A-C1 4.50 2.99 7.00 12.00 10.55 4.02 1.00 920 0.81 60.00 2.01
26 Moody et al 1954 A-C2 5.50 2.94 7.00 12.00 10.70 4.02 1.00 880 0.83 60.00 2.48
27 Moody et al 1954 A-C3 5.70 2.93 7.00 12.00 10.75 4.02 1.00 1000 0.80 60.00 2.40
28 Moody et al 1954 A-C4 5.65 2.92 7.00 12.00 10.80 4.02 1.00 980 0.82 60.00 2.39
29 Moody et al 1954 B-B1 13.00 3.41 6.00 12.00 10.56 7.99 1.00 5320 1.90 60.00 2.81
30 Moody et al 1954 B-B2 13.00 3.41 6.00 12.00 10.56 7.99 1.00 2420 1.90 60.00 4.17
Author Year Specimen Vtest a/d bw h d bear ag f'c ρ fy V test
kips in in in in in psi % ksi √f' c bd
31 Moody et al 1954 B-B3 11.75 3.41 6.00 12.00 10.56 7.99 1.00 3740 1.90 60.00 3.03
32 Moody et al 1954 B-B4 9.10 3.41 6.00 12.00 10.56 7.99 1.00 2230 1.90 60.00 3.04
33 Moody et al 1954 B-B5 11.70 3.41 6.00 12.00 10.56 7.99 1.00 4450 1.90 60.00 2.77
34 Moody et al 1954 B-B6 7.75 3.41 6.00 12.00 10.56 7.99 1.00 2290 1.90 60.00 2.56
35 Moody et al 1954 B-B7 11.50 3.41 6.00 12.00 10.56 7.99 1.00 4480 1.90 60.00 2.71
36 Moody et al 1954 B-B8 7.00 3.41 6.00 12.00 10.56 7.99 1.00 1770 1.90 60.00 2.63
37 Moody et al 1954 B-B9 12.00 3.41 6.00 12.00 10.56 7.99 1.00 5970 1.90 60.00 2.45
38 Moody et al 1954 B-B10 11.00 3.41 6.00 12.00 10.56 7.99 1.00 3470 1.90 60.00 2.95
39 Moody et al 1954 B-B11 13.50 3.41 6.00 12.00 10.56 7.99 1.00 5530 1.90 60.00 2.87
40 Moody et al 1954 B-B12 10.60 3.41 6.00 12.00 10.56 7.99 1.00 2930 1.90 60.00 3.09
41 Moody et al 1954 B-B13 12.50 3.41 6.00 12.00 10.56 7.99 1.00 5480 1.90 60.00 2.67
42 Moody et al 1954 B-B14 9.70 3.41 6.00 12.00 10.56 7.99 1.00 3270 1.90 60.00 2.68
43 Moody et al 1954 B-B15 11.50 3.41 6.00 12.00 10.56 7.99 1.00 5420 1.90 60.00 2.47
44 Moody et al 1954 B-B16 8.50 3.41 6.00 12.00 10.56 7.99 1.00 2370 1.90 60.00 2.76
45 Ferguson 1956 F2 5.00 3.23 3.97 8.27 7.44 0.98 0.25 4250 2.10 60.00 2.60
46 Morrow and Viest 1957 B40B4 35.00 2.76 12.00 16.00 14.50 4.02 0.25 5040 1.85 54.82 2.83
47 Morrow and Viest 1957 B56B2 22.50 3.86 12.00 16.00 14.50 4.02 0.25 2130 1.85 68.31 2.80
48 Morrow and Viest 1957 B56E2 19.40 3.86 12.00 16.00 14.50 4.02 0.25 2130 0.58 67.01 2.42
49 Morrow and Viest 1957 B56A4 31.00 3.80 12.00 16.00 14.75 4.02 0.25 3620 2.41 47.86 2.91
50 Morrow and Viest 1957 B56B4 27.50 3.86 12.00 16.00 14.50 4.02 0.25 3950 1.85 63.96 2.51
51 Morrow and Viest 1957 B56E4 24.50 3.86 12.00 16.00 14.50 4.02 0.25 4120 1.24 62.22 2.19
52 Morrow and Viest 1957 B56A6 40.00 4.00 12.13 16.00 14.00 4.02 0.25 5780 3.79 63.67 3.10
53 Morrow and Viest 1957 B56B6 30.75 3.83 12.00 16.00 14.63 4.02 0.25 6630 1.83 67.59 2.15
54 Morrow and Viest 1957 B70B2 20.00 4.87 12.00 16.00 14.38 4.02 0.25 2370 1.86 67.01 2.38
55 Morrow and Viest 1957 B70A4 29.75 4.83 12.00 16.00 14.50 4.02 0.25 3950 2.46 63.24 2.72
56 Morrow and Viest 1957 B70A6 40.00 5.00 12.00 16.00 14.00 4.02 0.25 6520 3.83 63.09 2.95
57 Morrow and Viest 1957 B84B4 25.00 5.87 12.00 16.00 14.31 4.02 0.25 3950 1.88 67.44 2.32
58 Morrow and Viest 1957 B113B4R 23.45 7.86 12.00 16.00 14.38 4.02 0.25 4730 1.86 50.04 1.98
59 Chang and Kesler 1958 IA1 4.47 3.90 4.00 6.00 5.38 2.52 1.00 4000 2.89 47.57 3.28
60 Chang and Kesler 1958 IC1 4.41 3.16 4.00 6.00 5.38 2.52 1.00 4000 2.37 47.57 3.24
Author Year Specimen Vtest a/d bw h d bear ag f'c ρ fy V test
kips in in in in in psi % ksi √f' c bd
61 Chang and Kesler 1958 IC2 4.00 3.16 4.00 6.00 5.38 2.52 1.00 4000 2.37 47.57 2.94
62 Chang and Kesler 1958 IIA1 3.83 3.16 4.00 6.00 5.38 2.52 1.00 2160 1.86 47.57 3.83
63 Chang and Kesler 1958 IIA2 3.88 3.16 4.00 6.00 5.38 2.52 1.00 2160 1.86 47.57 3.88
64 Chang and Kesler 1958 IIB1 3.73 3.90 4.00 6.00 5.38 2.52 1.00 2160 2.37 47.57 3.73
65 Chang and Kesler 1958 IIIA1 3.83 3.90 4.00 6.00 5.38 2.52 1.00 2160 2.37 47.57 3.83
66 Chang and Kesler 1958 IIIB1 3.45 3.16 4.00 6.00 5.38 2.52 1.00 2160 1.86 47.57 3.45
67 Chang and Kesler 1958 IIIB2 3.48 3.16 4.00 6.00 5.38 2.52 1.00 2160 1.86 47.57 3.48
68 Chang and Kesler 1958 4-21a 4.74 3.53 4.00 6.00 5.38 2.52 1.00 5600 2.89 47.57 2.94
69 Chang and Kesler 1958 4-21b 5.54 3.53 4.00 6.00 5.38 2.52 1.00 5600 1.86 47.57 3.44
70 Chang and Kesler 1958 4-22a 4.82 3.53 4.00 6.00 5.38 2.52 1.00 4620 1.86 47.57 3.30
71 Chang and Kesler 1958 4-22b 5.27 3.53 4.00 6.00 5.38 2.52 1.00 4600 1.86 47.57 3.61
72 Chang and Kesler 1958 4-23a 4.86 3.53 4.00 6.00 5.38 2.52 1.00 4670 1.86 47.57 3.30
73 Chang and Kesler 1958 4-23b 5.06 3.53 4.00 6.00 5.38 2.52 1.00 4670 1.86 47.57 3.44
74 Chang and Kesler 1958 5-21a 6.49 3.53 4.00 6.00 5.38 2.52 1.00 4670 2.89 47.57 4.41
75 Chang and Kesler 1958 5-21b 6.18 3.53 4.00 6.00 5.38 2.52 1.00 4670 2.89 47.57 4.20
76 Chang and Kesler 1958 5-22a 5.04 3.53 4.00 6.00 5.38 2.52 1.00 4520 2.89 47.57 3.48
77 Chang and Kesler 1958 5-22b 5.83 3.53 4.00 6.00 5.38 2.52 1.00 4520 2.89 47.57 4.03
78 Chang and Kesler 1958 5-23a 5.51 3.53 4.00 6.00 5.38 2.52 1.00 4650 2.89 47.57 3.75
79 Chang and Kesler 1958 5-23b 5.25 3.53 4.00 6.00 5.38 2.52 1.00 4650 2.89 47.57 3.58
80 de Cossio and Siess 1960 L-2 17.00 3.02 6.00 12.00 9.94 5.98 1.00 3120 3.36 44.96 5.10
81 de Cossio and Siess 1960 L-2a 18.00 3.02 6.00 12.00 9.94 5.98 1.00 5320 3.36 41.05 4.14
82 de Cossio and Siess 1960 L-3 12.00 4.02 6.00 12.00 9.94 5.98 1.00 4060 3.36 44.96 3.16
83 de Cossio and Siess 1960 L-4 11.50 5.03 6.00 12.00 9.94 5.98 1.00 3740 3.36 43.95 3.15
84 de Cossio and Siess 1960 L-5 11.45 6.04 6.00 12.00 9.94 5.98 1.00 4050 3.36 48.01 3.02
85 de Cossio and Siess 1960 A-2 9.40 3.00 6.00 12.00 10.00 12.01 1.00 4570 1.00 68.02 2.32
86 de Cossio and Siess 1960 A-3 7.70 4.00 6.00 12.00 10.00 12.01 1.00 2820 1.00 65.56 2.42
87 de Cossio and Siess 1960 A-4 7.90 5.00 6.00 12.00 10.00 12.01 1.00 3890 1.00 66.57 2.11
88 de Cossio and Siess 1960 A-12 13.25 3.00 6.00 12.00 10.00 12.01 1.00 3870 3.33 45.54 3.55
89 de Cossio and Siess 1960 A-13 10.55 4.00 6.00 12.00 10.00 12.01 1.00 3210 3.33 57.00 3.10
90 de Cossio and Siess 1960 A-14 12.30 5.00 6.00 12.00 10.00 12.01 1.00 3990 3.33 52.79 3.25
Author Year Specimen Vtest a/d bw h d bear ag f'c ρ fy V test
kips in in in in in psi % ksi √f' c bd
91 de Cossio and Siess 1960 A-15 11.10 6.00 6.00 12.00 10.00 12.01 1.00 3630 3.33 48.15 3.07
92 Bower and Viest 1960 IIB-1 10.20 3.36 6.00 14.00 12.50 4.02 0.25 3580 1.53 46.85 2.27
93 Bower and Viest 1960 IIB-2 9.15 3.92 6.00 14.00 12.25 4.02 0.25 3030 1.53 46.41 2.26
94 Bower and Viest 1960 IIB-3 8.30 4.46 6.00 14.00 12.12 4.02 0.25 2850 1.58 46.56 2.14
95 Hanson 1961 8A4 7.60 5.00 6.00 12.00 10.50 4.02 0.75 3030 1.25 88.62 2.19
96 Hanson 1961 8B4 9.63 5.00 6.00 12.00 10.50 4.02 0.75 4490 1.25 88.62 2.28
97 Hanson 1961 8BW4 9.00 5.00 6.00 12.00 10.50 4.02 0.75 4300 1.25 88.62 2.18
98 Hanson 1961 8B2 11.78 5.00 6.00 12.00 10.50 4.02 0.75 4470 2.50 92.39 2.80
99 Hanson 1961 8B3 10.35 2.50 6.00 12.00 10.50 4.02 0.75 4370 1.25 48.44 2.49
100 Hanson 1961 8A1X 18.08 2.50 6.00 12.00 10.50 4.02 0.75 3700 2.50 48.30 4.72
101 Hanson 1961 8A1 12.98 2.50 6.00 12.00 10.50 4.02 0.75 4020 2.50 48.30 3.25
102 Hanson 1961 8B1 20.32 2.50 6.00 12.00 10.50 4.02 0.75 5380 2.50 48.30 4.40
103 Hanson 1961 8D1 37.20 5.00 6.00 12.00 10.50 4.02 0.75 10680 5.00 48.30 5.71
104 Leonhardt and Walther 1962 5 L 13.56 3.00 7.48 12.60 10.63 3.94 1.13 4699 2.07 67.44 2.49
105 Leonhardt and Walther 1962 5 R 17.20 3.00 7.48 12.60 10.63 3.94 1.13 4699 2.07 67.44 3.16
106 Leonhardt and Walther 1962 6 L 13.67 4.07 7.48 12.60 10.63 3.94 1.13 4699 2.07 67.44 2.51
107 Leonhardt and Walther 1962 6 R 15.33 4.07 7.48 12.60 10.63 3.94 1.13 4699 2.07 67.44 2.81
108 Leonhardt and Walther 1962 7-1 14.01 5.00 7.48 12.60 10.94 3.94 1.13 4917 2.01 67.44 2.44
109 Leonhardt and Walther 1962 7-2 15.33 5.00 7.48 12.60 10.94 3.94 1.13 4917 2.01 67.44 2.67
110 Leonhardt and Walther 1962 8-1 14.77 6.00 7.48 12.60 10.94 3.94 1.13 4931 2.01 67.44 2.57
111 Leonhardt and Walther 1962 8-2 14.77 6.00 7.48 12.60 10.79 3.94 1.13 4931 2.04 67.44 2.61
112 Leonhardt and Walther 1962 9-1 13.24 6.92 7.48 12.72 10.75 3.94 1.13 5062 2.04 67.44 2.31
113 Leonhardt and Walther 1962 9-2 13.24 6.92 7.48 12.72 10.75 3.94 1.13 5221 2.04 67.44 2.28
114 Leonhardt and Walther 1962 D 1/1 1.64 3.00 1.97 3.15 2.76 1.18 0.56 5091 1.71 65.41 4.24
115 Leonhardt and Walther 1962 D 1/2 1.62 3.00 1.97 3.15 2.76 1.18 0.56 5091 1.71 65.41 4.18
116 Leonhardt and Walther 1962 D 2/1 4.77 3.00 3.94 6.30 5.51 1.97 0.56 4540 1.66 61.93 3.26
117 Leonhardt and Walther 1962 D 2/2 5.22 3.00 3.94 6.30 5.51 1.97 0.56 4540 1.66 61.93 3.57
118 Leonhardt and Walther 1962 D 3/1 10.43 3.00 5.91 9.45 8.27 2.95 0.56 4902 1.62 59.90 3.05
119 Leonhardt and Walther 1962 D 3/2 L 9.64 3.00 5.91 9.45 8.27 2.95 0.56 4902 1.62 59.90 2.82
120 Leonhardt and Walther 1962 D 3/2 R 9.64 3.00 5.91 9.45 8.27 2.95 0.56 4902 1.62 59.90 2.82
Author Year Specimen Vtest a/d bw h d bear ag f'c ρ fy V test
kips in in in in in psi % ksi √f' c bd
121 Leonhardt and Walther 1962 D 4/1 16.66 3.00 7.87 12.60 11.02 3.94 0.56 5018 1.67 63.67 2.71
122 Leonhardt and Walther 1962 D 4/2 L 16.03 3.00 7.87 12.60 11.02 3.94 0.56 5018 1.67 63.67 2.61
123 Leonhardt and Walther 1962 D 4/2 R 16.03 3.00 7.87 12.60 11.02 3.94 0.56 5018 1.67 63.67 2.61
124 Leonhardt and Walther 1962 C1 4.86 3.00 3.94 7.09 5.91 2.36 1.13 5555 1.33 61.64 2.80
125 Leonhardt and Walther 1962 C2 14.55 3.00 5.91 12.99 11.81 3.15 1.13 5555 1.33 61.64 2.80
126 Leonhardt and Walther 1962 C3 22.82 3.00 7.87 19.69 17.72 4.72 1.13 5555 1.33 61.64 2.19
127 Leonhardt and Walther 1962 C4 34.19 3.00 8.86 26.38 23.62 4.72 1.13 5555 1.33 61.64 2.19
128 Leonhardt and Walther 1962 P2 17.13 3.45 19.80 6.38 5.59 1.77 1.13 1944 0.95 61.93 3.51
129 Leonhardt and Walther 1962 P3 18.23 3.45 19.76 6.38 5.59 1.77 1.13 1944 1.11 61.93 3.74
130 Leonhardt and Walther 1962 P4 22.66 3.38 19.69 6.50 5.71 1.77 1.13 2103 1.40 61.93 4.40
131 Leonhardt and Walther 1962 P5 22.66 3.38 19.80 6.50 5.71 1.77 1.13 1944 1.86 61.93 4.55
132 Leonhardt and Walther 1962 P8 19.78 3.31 19.76 6.61 5.83 1.77 1.13 3611 0.91 61.93 2.86
133 Leonhardt and Walther 1962 P9 23.78 3.36 19.69 6.54 5.75 1.77 1.13 3611 1.86 61.93 3.50
134 Leonhardt and Walther 1962 P10 13.33 3.43 19.80 4.80 4.02 1.77 1.13 1798 1.10 61.93 3.95
135 Leonhardt and Walther 1962 P11 22.75 3.44 19.61 7.99 7.20 1.77 1.13 1987 1.11 61.93 3.61
136 Leonhardt and Walther 1962 EA1 13.13 2.78 7.48 12.60 10.63 3.94 1.13 3220 1.82 63.67 2.91
137 Leonhardt and Walther 1962 EA2 16.77 2.78 7.48 12.60 10.63 3.94 1.13 3220 1.78 71.07 3.72
138 Leonhardt and Walther 1962 E6 20.50 2.78 7.48 12.60 10.63 3.94 1.13 4003 2.47 61.79 4.08
139 Ruesch et al 1962 X 3.29 3.60 3.54 5.28 4.37 1.57 1.13 3336 2.65 69.76 3.68
140 Ruesch et al 1962 Y 6.77 3.60 4.72 9.02 7.83 2.82 1.13 3336 2.65 59.03 3.17
141 Ruesch et al 1962 Z 12.31 3.62 7.09 11.89 10.31 3.73 1.13 3510 2.64 59.76 2.84
142 de Cossio 1962 32-8A 8.34 4.00 12.68 4.00 3.19 0.67 0.50 3437 1.90 55.55 3.52
143 de Cossio 1962 32-8B 8.54 4.00 12.48 4.00 3.19 0.67 0.50 3437 1.85 55.55 3.66
144 de Cossio 1962 32-8C 7.85 4.00 12.56 4.00 3.23 0.67 0.50 3365 1.91 53.23 3.34
145 de Cossio 1962 32-8D 7.67 4.00 12.60 4.00 3.31 0.67 0.50 3075 1.85 53.23 3.32
146 de Cossio 1962 32-8E 7.37 4.00 12.64 4.00 3.27 0.67 0.50 3365 1.87 60.63 3.08
147 de Cossio 1962 32-8F 7.46 4.00 12.56 4.00 3.27 0.67 0.50 3075 1.87 60.63 3.28
148 de Cossio 1962 48-8A 13.94 4.00 18.86 4.00 3.19 0.67 0.50 4032 2.01 59.47 3.65
149 de Cossio 1962 48-8B 14.68 4.00 19.88 4.00 3.23 0.67 0.50 4032 1.98 57.87 3.60
150 de Cossio 1962 48-8C 13.20 4.00 19.02 4.00 3.27 0.67 0.50 3655 1.95 58.60 3.51
Author Year Specimen Vtest a/d bw h d bear ag f'c ρ fy V test
kips in in in in in psi % ksi √f' c bd
151 de Cossio 1962 48-8D 14.61 4.00 18.86 4.00 3.31 0.67 0.50 3858 1.94 55.55 3.77
152 de Cossio 1962 48-8E 11.47 4.00 18.86 4.00 3.23 0.67 0.50 3873 1.99 66.57 3.03
153 de Cossio 1962 48-8F 13.65 4.00 18.86 4.00 3.27 0.67 0.50 4047 1.98 59.18 3.48
154 de Cossio 1962 64-8A 19.56 4.00 25.20 4.00 3.23 0.67 0.50 4134 1.90 57.58 3.74
155 de Cossio 1962 64-8B 19.22 4.00 25.04 4.00 3.19 0.67 0.50 4235 1.94 63.82 3.70
156 de Cossio 1962 64-8C 19.15 4.00 25.20 4.00 3.23 0.67 0.50 4134 1.90 55.55 3.66
157 de Cossio 1962 64-8D 18.34 4.00 25.20 4.00 3.19 0.67 0.50 4134 1.95 55.55 3.55
158 de Cossio 1962 64-8E 15.22 4.00 25.16 4.00 3.43 0.67 0.50 4525 1.92 54.10 2.63
159 de Cossio 1962 64-8F 16.03 4.00 25.16 4.00 3.27 0.67 0.50 4409 1.88 54.10 2.94
160 de Cossio 1962 A.8.5-34A 6.43 2.68 3.35 16.00 13.43 2.68 0.50 4061 1.86 59.18 2.25
161 de Cossio 1962 A.8.5-34B 6.20 2.68 3.43 16.00 13.39 2.68 0.50 3742 1.80 60.34 2.21
162 de Cossio 1962 A10.4-13.9A 4.83 2.68 4.06 7.00 5.47 1.10 0.50 3466 1.97 63.82 3.70
163 de Cossio 1962 A10.4-13.9B 5.35 2.68 4.06 7.00 5.51 1.10 0.50 3466 1.96 63.82 4.07
164 de Cossio 1962 A12-12A 6.07 2.68 4.72 6.00 4.76 0.94 0.50 3437 1.95 58.31 4.60
165 de Cossio 1962 A12-12B 5.85 2.68 4.72 6.00 4.80 0.94 0.50 4235 1.96 58.31 3.96
166 de Cossio 1962 A12-12C 5.35 2.68 4.72 6.00 4.76 0.94 0.50 4496 1.95 58.31 3.55
167 de Cossio 1962 A12-12D 5.33 2.68 4.72 6.00 4.72 0.94 0.50 4496 1.97 58.31 3.56
168 de Cossio 1962 A12-6A 3.82 2.68 4.76 3.00 2.36 0.47 0.50 4351 1.44 56.85 5.15
169 de Cossio 1962 A12-6B 3.48 2.68 4.72 3.00 2.44 0.47 0.50 4351 1.92 56.85 4.58
170 de Cossio 1962 A12-6C 3.53 2.68 4.80 3.00 2.44 0.47 0.50 4351 1.90 56.85 4.56
171 de Cossio 1962 A12-6D 3.73 2.68 4.72 3.00 2.40 0.47 0.50 3495 1.94 58.60 5.56
172 de Cossio 1962 A12-6E 4.18 2.68 4.72 3.00 2.40 0.47 0.50 4395 1.93 58.60 5.56
173 de Cossio 1962 A14.7-9.8A 5.13 2.68 5.79 5.00 3.90 0.79 0.50 3844 1.96 65.27 3.67
174 de Cossio 1962 A14.7-9.8B 5.80 2.68 5.75 5.00 3.90 0.79 0.50 3844 1.97 65.27 4.18
175 de Cossio 1962 A2.1-16.8A 1.06 2.68 0.83 8.00 6.61 1.34 0.50 5018 2.00 59.47 2.73
176 de Cossio 1962 A2.1-16.8B 1.06 2.68 0.83 8.00 6.61 1.34 0.50 5018 2.00 59.47 2.73
177 de Cossio 1962 A29.4-9.8A 11.26 2.68 11.54 5.00 3.90 0.79 0.50 3945 1.96 61.79 3.99
178 de Cossio 1962 A29.4-9.8B 11.80 2.68 11.54 5.00 3.90 0.79 0.50 3945 1.96 61.79 4.18
179 de Cossio 1962 A3-12A 0.97 2.68 1.18 6.00 4.80 0.94 0.50 4134 1.98 57.14 2.65
180 de Cossio 1962 A3-12B 0.94 2.68 1.18 6.00 4.72 0.94 0.50 4206 1.97 57.14 2.61
Author Year Specimen Vtest a/d bw h d bear ag f'c ρ fy V test
kips in in in in in psi % ksi √f' c bd
181 de Cossio 1962 A3-12C 0.99 2.68 1.18 6.00 4.80 0.94 0.50 4134 1.97 57.43 2.71
182 de Cossio 1962 A4.25-17A 1.19 4.00 1.65 8.00 6.69 1.34 0.50 1987 2.00 59.18 2.42
183 de Cossio 1962 A4.25-17B 1.35 4.00 1.65 8.00 6.77 1.34 0.50 1987 1.94 59.18 2.70
184 de Cossio 1962 A4.25-8.5A 1.26 2.68 1.65 4.00 3.39 0.67 0.50 4308 1.97 57.58 3.43
185 de Cossio 1962 A4.25-8.5B 1.30 2.68 1.65 4.00 3.39 0.67 0.50 4308 1.97 57.58 3.55
186 de Cossio 1962 A4.25-8.5C 1.30 2.68 1.65 4.00 3.39 0.67 0.50 4308 1.97 57.58 3.55
187 de Cossio 1962 A4.7-14.7A 2.16 2.68 1.81 7.00 5.79 1.14 0.50 4105 2.08 63.24 3.21
188 de Cossio 1962 A4.7-14.7B 2.20 2.68 1.81 7.00 5.79 1.14 0.50 4105 2.08 63.24 3.28
189 de Cossio 1962 A50-25A 42.42 2.68 19.72 12.00 9.96 2.01 0.50 5004 1.81 57.87 3.05
190 de Cossio 1962 A50-25B 38.49 2.68 19.76 12.00 9.92 2.01 0.50 4946 1.85 57.14 2.79
191 de Cossio 1962 A6-12A 2.38 2.68 2.36 6.00 4.76 0.94 0.50 4308 1.94 56.56 3.23
192 de Cossio 1962 A6-12B 2.36 2.68 2.36 6.00 4.80 0.94 0.50 4308 1.92 56.56 3.17
193 de Cossio 1962 A6-12C 2.34 2.68 2.36 6.00 4.72 0.94 0.50 4308 1.94 56.56 3.19
194 de Cossio 1962 A8.5-17A 5.28 2.68 3.43 8.00 6.73 1.34 0.50 5076 1.92 56.85 3.22
195 de Cossio 1962 A8.5-17B 5.37 2.68 3.35 8.00 6.69 1.34 0.50 5076 1.96 56.85 3.37
196 de Cossio 1962 A8.5-17C 4.72 2.68 3.39 8.00 6.69 1.34 0.50 4917 1.95 56.56 2.97
197 de Cossio 1962 B12-6A 3.69 2.68 4.72 3.00 2.44 0.51 0.50 3771 2.88 62.95 5.21
198 de Cossio 1962 B12-6B 4.02 2.68 4.72 3.00 2.48 0.51 0.50 3771 2.84 62.95 5.59
199 de Cossio 1962 B29.4-9.8A 9.40 4.00 11.57 5.00 3.86 0.79 0.50 3713 1.97 54.82 3.45
200 de Cossio 1962 B29.4-9.8B 10.32 4.00 11.57 5.00 3.86 0.79 0.50 3365 1.97 54.82 3.98
201 de Cossio 1962 B3-12A 1.08 4.00 1.14 6.00 4.72 0.94 0.50 4206 2.00 57.14 3.08
202 de Cossio 1962 B3-12B 0.90 4.00 1.18 6.00 4.72 0.94 0.50 4206 1.97 57.14 2.48
203 de Cossio 1962 B32-8A 11.02 4.00 12.52 4.00 3.15 0.67 0.50 3887 2.81 58.45 4.48
204 de Cossio 1962 B32-8B 11.67 4.00 12.52 4.00 3.15 0.67 0.50 3887 2.80 62.66 4.75
205 de Cossio 1962 B4.25-17A 1.24 4.00 1.65 8.00 6.69 1.34 0.50 1944 2.00 59.18 2.53
206 de Cossio 1962 B4.25-17B 1.26 4.00 1.65 8.00 6.69 1.34 0.50 1987 1.94 59.18 2.55
207 de Cossio 1962 C29.4-9.8A 8.16 2.68 11.57 5.00 3.90 0.79 0.50 2161 1.95 53.95 3.89
208 de Cossio 1962 C29.4-9.8B 9.76 2.68 11.57 5.00 3.90 0.79 0.50 2611 1.95 53.95 4.23
209 de Cossio 1962 C32-8A 9.26 4.00 12.56 4.00 3.15 0.67 0.50 3858 1.95 57.14 3.77
210 de Cossio 1962 C32-8B 9.49 4.00 12.56 4.00 3.15 0.67 0.50 3858 1.95 57.14 3.86
Author Year Specimen Vtest a/d bw h d bear ag f'c ρ fy V test
kips in in in in in psi % ksi √f' c bd
211 de Cossio 1962 C4.25-17A 1.51 2.68 1.65 8.00 6.69 1.34 0.50 1987 1.96 61.06 3.05
212 de Cossio 1962 C4.25-17B 1.33 2.68 1.65 8.00 6.69 1.34 0.50 1987 1.96 61.06 2.69
213 de Cossio 1962 D29.4-9.8A 8.50 4.00 11.42 5.00 3.94 0.79 0.50 3568 2.90 55.40 3.16
214 de Cossio 1962 D29.4-9.8B 7.71 4.00 11.57 5.00 3.94 0.79 0.50 3568 2.90 55.40 2.83
215 de Cossio 1962 D29.4-9.8C 9.64 4.00 11.54 5.00 3.86 0.79 0.50 3568 2.46 61.21 3.63
216 de Cossio 1962 D29.4-9.8D 10.68 4.00 11.57 5.00 3.90 0.79 0.50 3568 2.92 61.21 3.96
217 Bresler and Scordelis 1963 OA-1 37.50 3.97 12.20 21.89 18.15 5.00 0.75 3270 1.81 80.50 2.96
218 Bresler and Scordelis 1963 OA-2 40.00 4.90 12.00 22.09 18.35 5.00 0.75 3440 2.27 80.50 3.10
219 Bresler and Scordelis 1963 OA-3 42.50 6.94 12.10 21.89 18.17 5.00 0.75 5450 2.74 80.06 2.62
220 Mathey and Watstein 1963 IIIa-17 19.80 3.78 8.00 18.00 15.87 3.50 1.00 4240 2.54 73.24 2.40
221 Mathey and Watstein 1963 IIIa-18 18.15 3.78 8.00 18.00 15.87 3.50 1.00 3650 2.54 73.24 2.37
222 Mathey and Watstein 1963 Va-19 14.23 3.78 8.00 18.00 15.87 3.50 1.00 3410 0.93 100.66 1.92
223 Mathey and Watstein 1963 Va-20 14.83 3.78 8.00 18.00 15.87 3.50 1.00 3710 0.93 100.66 1.92
224 Mathey and Watstein 1963 VIb-21 16.05 2.84 8.00 18.00 15.87 3.50 1.00 3790 0.84 102.54 2.05
225 Mathey and Watstein 1963 VIb-22 14.03 2.84 8.00 18.00 15.87 3.50 1.00 3740 0.84 102.54 1.81
226 Mathey and Watstein 1963 VIb-23 16.88 2.84 8.00 18.00 15.87 3.50 1.00 4430 0.84 102.54 2.00
227 Mathey and Watstein 1963 VIb-24 12.25 3.78 8.00 18.00 15.87 3.50 1.00 3820 0.47 100.95 1.56
228 Mathey and Watstein 1963 VIb-25 11.23 3.78 8.00 18.00 15.87 3.50 1.00 3740 0.47 100.95 1.45
229 Krefeld and Thurston 1966 II-11A2 16.50 2.91 6.00 15.00 12.36 7.01 1.00 4380 3.41 58.02 3.36
230 Krefeld and Thurston 1966 12A2 14.40 3.85 6.00 12.00 9.36 7.01 1.00 4360 4.50 58.02 3.88
231 Krefeld and Thurston 1966 III-18A2 14.20 2.89 6.00 15.00 12.44 7.01 1.00 2800 2.68 53.66 3.60
232 Krefeld and Thurston 1966 18B2 16.20 2.89 6.00 15.00 12.44 7.01 1.00 2880 2.68 53.66 4.04
233 Krefeld and Thurston 1966 18C2 16.50 2.89 6.00 15.00 12.44 7.01 1.00 3280 2.68 53.66 3.86
234 Krefeld and Thurston 1966 18D2 13.50 2.89 6.00 15.00 12.44 7.01 1.00 3200 2.68 53.66 3.20
235 Krefeld and Thurston 1966 IV-13A2 10.90 2.87 6.00 15.00 12.56 7.01 1.00 2890 0.80 54.97 2.69
236 Krefeld and Thurston 1966 14A2 7.90 3.77 6.00 12.00 9.56 7.01 1.00 3000 1.05 54.97 2.51
237 Krefeld and Thurston 1966 15A2 10.30 2.89 6.00 15.00 12.44 7.01 1.00 2920 1.34 53.66 2.55
238 Krefeld and Thurston 1966 15B2 11.70 2.89 6.00 15.00 12.44 7.01 1.00 3000 1.34 53.66 2.86
239 Krefeld and Thurston 1966 16A2 9.40 3.81 6.00 12.00 9.44 7.01 1.00 3220 1.77 53.66 2.92
240 Krefeld and Thurston 1966 17A2 9.90 3.77 6.00 12.00 9.56 7.01 1.00 3190 2.09 54.97 3.06
Author Year Specimen Vtest a/d bw h d bear ag f'c ρ fy V test
kips in in in in in psi % ksi √f' c bd
241 Krefeld and Thurston 1966 18E2 18.40 2.89 6.00 15.00 12.44 7.01 1.00 2870 2.68 53.66 4.60
242 Krefeld and Thurston 1966 19A2 10.40 3.81 6.00 12.00 9.44 7.01 1.00 2980 3.53 53.66 3.36
243 Krefeld and Thurston 1966 20A2 11.40 3.85 6.00 12.00 9.36 7.01 1.00 3050 4.52 58.02 3.68
244 Krefeld and Thurston 1966 21A2 17.20 3.85 6.00 12.00 9.36 7.01 1.00 2890 5.01 58.02 5.70
245 Krefeld and Thurston 1966 V-2AC 8.50 4.80 6.00 12.00 10.00 7.01 1.00 3340 1.32 57.14 2.45
246 Krefeld and Thurston 1966 3AC 9.90 4.77 6.00 12.00 10.06 7.01 1.00 3020 1.99 54.97 2.98
247 Krefeld and Thurston 1966 4AC 8.50 4.80 6.00 12.00 10.00 7.01 1.00 2390 2.63 57.14 2.90
248 Krefeld and Thurston 1966 5AC 9.40 4.83 6.00 12.00 9.94 7.01 1.00 2660 3.35 53.66 3.06
249 Krefeld and Thurston 1966 6AC 12.00 4.87 6.00 12.00 9.86 7.01 1.00 3310 4.30 58.02 3.53
250 Krefeld and Thurston 1966 3CC 8.00 5.96 6.00 12.00 10.06 7.01 1.00 2970 1.99 54.97 2.43
251 Krefeld and Thurston 1966 4CC 9.00 6.00 6.00 12.00 10.00 7.01 1.00 2980 2.63 57.14 2.75
252 Krefeld and Thurston 1966 5CC 10.00 6.04 6.00 12.00 9.94 7.01 1.00 2950 3.35 53.66 3.09
253 Krefeld and Thurston 1966 6CC 10.00 6.09 6.00 12.00 9.86 7.01 1.00 2980 4.30 58.02 3.10
254 Krefeld and Thurston 1966 4EC 9.40 7.20 6.00 12.00 10.00 7.01 1.00 3080 2.63 57.14 2.82
255 Krefeld and Thurston 1966 5EC 8.90 7.24 6.00 12.00 9.94 7.01 1.00 2830 3.35 54.97 2.81
256 Krefeld and Thurston 1966 6EC 9.50 7.30 6.00 12.00 9.86 7.01 1.00 2770 4.30 58.02 3.05
257 Krefeld and Thurston 1966 4GC 8.30 8.40 6.00 12.00 10.00 7.01 1.00 3050 2.63 57.14 2.50
258 Krefeld and Thurston 1966 5GC 9.40 8.45 6.00 12.00 9.94 7.01 1.00 3180 3.35 53.66 2.79
259 Krefeld and Thurston 1966 6GC 9.10 8.52 6.00 12.00 9.86 7.01 1.00 3100 4.30 58.02 2.76
260 Krefeld and Thurston 1966 VII-6C 11.50 3.62 6.00 12.00 9.94 7.01 1.00 2920 3.35 53.66 3.57
261 Krefeld and Thurston 1966 VIII-3AAC 12.50 3.58 6.00 12.00 10.06 7.01 1.00 5010 1.99 54.97 2.93
262 Krefeld and Thurston 1966 4AAC 13.00 3.60 6.00 12.00 10.00 7.01 1.00 4235 2.63 57.14 3.33
263 Krefeld and Thurston 1966 5AAC 12.80 3.62 6.00 12.00 9.94 7.01 1.00 4760 3.35 53.66 3.11
264 Krefeld and Thurston 1966 6AAC 13.50 3.65 6.00 12.00 9.86 7.01 1.00 4990 4.30 58.02 3.23
265 Krefeld and Thurston 1966 3AC 12.00 4.77 6.00 12.00 10.06 7.01 1.00 4620 1.99 54.97 2.92
266 Krefeld and Thurston 1966 4AC 12.10 4.80 6.00 12.00 10.00 7.01 1.00 4420 2.63 57.14 3.03
267 Krefeld and Thurston 1966 5AC 12.20 4.83 6.00 12.00 9.94 7.01 1.00 4760 3.35 53.66 2.96
268 Krefeld and Thurston 1966 6AC 13.30 4.87 6.00 12.00 9.86 7.01 1.00 4950 4.30 58.02 3.20
269 Krefeld and Thurston 1966 4CC 11.80 6.00 6.00 12.00 10.00 7.01 1.00 5570 2.63 57.14 2.64
270 Krefeld and Thurston 1966 5CC 12.90 6.04 6.00 12.00 9.94 7.01 1.00 5430 3.35 53.66 2.94
Author Year Specimen Vtest a/d bw h d bear ag f'c ρ fy V test
kips in in in in in psi % ksi √f' c bd
271 Krefeld and Thurston 1966 6CC 14.20 6.09 6.00 12.00 9.86 7.01 1.00 5570 4.60 58.02 3.22
272 Krefeld and Thurston 1966 5EC 12.00 7.24 6.00 12.00 9.94 7.01 1.00 5430 3.35 53.66 2.73
273 Krefeld and Thurston 1966 6EC 11.00 7.30 6.00 12.00 9.86 7.01 1.00 4900 4.30 58.02 2.66
274 Krefeld and Thurston 1966 IX-3AAC 9.10 3.58 6.00 12.00 10.06 7.01 1.00 1820 1.99 54.97 3.53
275 Krefeld and Thurston 1966 4AAC 9.60 3.60 6.00 12.00 10.00 7.01 1.00 1870 2.63 57.14 3.70
276 Krefeld and Thurston 1966 5AAC 11.30 3.62 6.00 12.00 9.94 7.01 1.00 2230 3.35 53.66 4.01
277 Krefeld and Thurston 1966 6AAC 14.00 3.65 6.00 12.00 9.86 7.01 1.00 1940 4.30 58.02 5.37
278 Krefeld and Thurston 1966 3AC 8.30 4.77 6.00 12.00 10.06 7.01 1.00 1990 1.99 54.97 3.08
279 Krefeld and Thurston 1966 4AC 9.00 4.80 6.00 12.00 10.00 7.01 1.00 1870 2.63 57.14 3.47
280 Krefeld and Thurston 1966 5AC 9.80 4.83 6.00 12.00 9.94 7.01 1.00 2230 3.35 53.66 3.48
281 Krefeld and Thurston 1966 6AC 9.20 4.87 6.00 12.00 9.86 7.01 1.00 1800 4.30 58.02 3.67
282 Krefeld and Thurston 1966 3CC 7.00 5.96 6.00 12.00 10.06 7.01 1.00 1770 1.99 54.97 2.76
283 Krefeld and Thurston 1966 4CC 7.90 6.00 6.00 12.00 10.00 7.01 1.00 2480 2.63 57.14 2.64
284 Krefeld and Thurston 1966 5CC 7.70 6.04 6.00 12.00 9.94 7.01 1.00 2130 3.35 53.66 2.80
285 Krefeld and Thurston 1966 6CC 8.90 6.09 6.00 12.00 9.86 7.01 1.00 1980 4.30 58.02 3.38
286 Krefeld and Thurston 1966 X-C 19.00 3.16 8.00 21.00 19.00 7.01 1.00 2430 1.56 57.14 2.54
287 Krefeld and Thurston 1966 XI-PC a 12.00 7.30 6.00 12.00 9.86 7.01 1.00 5260 4.30 58.02 2.80
288 Krefeld and Thurston 1966 PC b 12.00 7.30 6.00 12.00 9.86 7.01 1.00 5260 4.30 58.02 2.80
289 Krefeld and Thurston 1966 s-I-OC a 10.90 6.00 6.00 12.00 10.00 7.01 1.00 5180 2.63 57.14 2.52
290 Krefeld and Thurston 1966 OC b 11.80 6.00 6.00 12.00 10.00 7.01 1.00 5660 2.63 57.14 2.61
291 Krefeld and Thurston 1966 s-II-OC a 33.00 4.01 10.00 20.00 17.94 7.01 1.00 5550 2.22 53.66 2.47
292 Krefeld and Thurston 1966 OC b 30.00 4.01 10.00 20.00 17.94 7.01 1.00 5550 2.22 53.66 2.24
293 Baron 1966 1 8.61 4.60 8.00 6.00 5.00 1.50 0.75 4438 1.55 62.22 3.23
294 Kani 1967 40 7.20 5.35 5.97 6.00 5.50 5.98 0.75 3830 2.59 56.27 3.54
295 Kani 1967 43 6.55 5.92 5.96 6.00 5.40 5.98 0.75 4060 2.73 56.85 3.19
296 Kani 1967 47 6.34 5.12 5.95 6.00 5.20 5.98 0.75 3590 2.85 56.85 3.42
297 Kani 1967 48 6.10 5.09 5.95 6.00 5.25 5.98 0.75 3590 2.81 56.85 3.26
298 Kani 1967 52 6.50 3.93 6.00 6.00 5.45 5.98 0.75 3600 2.69 56.85 3.31
299 Kani 1967 55 7.33 3.02 5.92 6.00 5.30 5.98 0.75 3640 2.89 56.85 3.87
300 Kani 1967 56 6.30 3.46 6.03 6.00 5.41 5.98 0.75 3950 2.67 58.45 3.07
Author Year Specimen Vtest a/d bw h d bear ag f'c ρ fy V test
kips in in in in in psi % ksi √f' c bd
301 Kani 1967 57 7.10 5.39 6.03 6.00 5.46 5.98 0.75 3830 2.60 54.39 3.48
302 Kani 1967 58 6.50 3.44 6.00 6.00 5.45 5.98 0.75 3950 2.68 60.48 3.16
303 Kani 1967 59 11.28 2.67 6.08 6.00 5.50 5.98 0.75 3860 2.63 56.85 5.43
304 Kani 1967 60 8.84 2.94 6.10 6.00 5.46 5.98 0.75 3880 2.64 56.85 4.26
305 Kani 1967 63 20.95 4.00 6.08 24.00 21.37 2.52 0.75 3800 2.77 51.05 2.62
306 Kani 1967 64 17.75 8.01 6.15 24.00 21.28 2.52 0.75 3730 2.75 51.05 2.22
307 Kani 1967 66 20.40 6.02 6.15 24.00 21.31 2.52 0.75 3830 2.75 51.05 2.52
308 Kani 1967 71 22.95 2.99 6.10 24.00 21.42 9.02 0.75 3970 2.66 54.10 2.79
309 Kani 1967 74 24.20 3.11 6.00 24.00 20.60 5.98 0.75 3950 2.84 53.08 3.12
310 Kani 1967 75 24.25 3.11 6.00 24.00 20.63 5.98 0.75 3960 2.83 53.23 3.11
311 Kani 1967 76 25.80 2.62 6.00 24.00 20.38 2.52 0.75 4460 2.87 53.95 3.16
312 Kani 1967 79 18.80 6.83 6.03 24.00 21.90 5.98 0.75 3790 2.72 55.26 2.31
313 Kani 1967 81 11.50 5.94 6.04 12.00 10.80 5.98 0.75 3990 2.76 49.75 2.79
314 Kani 1967 83 14.60 3.00 6.14 12.00 10.68 5.98 0.75 3980 2.73 49.75 3.53
315 Kani 1967 84 12.45 4.01 5.95 12.00 10.67 5.98 0.75 3980 2.83 49.60 3.11
316 Kani 1967 91 11.46 6.05 6.08 12.00 10.58 5.98 0.75 3980 2.71 52.79 2.82
317 Kani 1967 93 12.10 6.46 6.10 12.00 10.74 5.98 0.75 4390 2.66 53.95 2.79
318 Kani 1967 96 12.65 3.94 6.03 12.00 10.83 5.98 0.75 3670 2.76 48.59 3.20
319 Kani 1967 97 14.05 2.95 6.00 12.00 10.88 5.98 0.75 3950 2.68 53.08 3.42
320 Kani 1967 99 17.35 2.50 6.00 12.00 10.70 2.52 0.75 3800 2.73 53.08 4.38
321 Kani 1967 3042 53.25 2.50 6.06 48.00 43.10 17.01 0.75 3830 2.71 54.39 3.29
322 Kani 1967 3043 37.10 3.00 6.05 48.00 43.00 9.02 0.75 3910 2.72 54.53 2.28
323 Kani 1967 3044 35.75 3.97 6.00 48.00 43.20 9.02 0.75 4280 2.73 54.53 2.11
324 Kani 1967 3045 34.25 5.00 6.10 48.00 43.00 9.02 0.75 4100 2.70 55.26 2.04
325 Kani 1967 3046 34.65 7.00 6.10 48.00 43.20 9.02 0.75 3870 2.72 52.21 2.11
326 Kani 1967 3047 33.05 8.00 6.10 48.00 43.10 9.02 0.75 3870 2.68 54.53 2.02
327 Kani 1967 271 48.82 6.06 24.06 12.00 10.58 5.98 0.75 3910 2.75 54.68 3.07
328 Kani 1967 272 51.20 5.02 24.05 12.00 10.66 5.98 0.75 3910 2.72 54.68 3.19
329 Kani 1967 273 46.33 4.02 24.10 12.00 10.68 5.98 0.75 3940 2.72 54.68 2.87
330 Kani 1967 274 56.23 3.02 24.10 12.00 10.64 5.98 0.75 3940 2.73 54.68 3.49
Author Year Specimen Vtest a/d bw h d bear ag f'c ρ fy V test
kips in in in in in psi % ksi √f' c bd
331 Rajagopalan and Ferguson 1968 S-1 8.00 3.93 6.06 12.24 10.18 1.97 0.50 5300 1.42 95.00 1.78
332 Rajagopalan and Ferguson 1968 S-12 5.53 4.16 6.03 12.24 10.57 1.97 0.50 4300 0.25 95.00 1.32
333 Rajagopalan and Ferguson 1968 S-2 8.40 3.83 6.06 12.24 10.44 1.97 0.50 4800 0.98 95.00 1.92
334 Rajagopalan and Ferguson 1968 S-3 6.99 4.19 6.00 12.24 10.50 1.97 0.50 4200 0.81 76.00 1.71
335 Rajagopalan and Ferguson 1968 S-4 6.30 4.17 6.00 12.24 10.56 1.97 0.50 4800 0.63 76.00 1.44
336 Bhal 1968 B1 15.89 3.03 9.45 13.78 11.81 2.32 1.13 3365 1.26 62.95 2.46
337 Bhal 1968 B2 26.86 3.00 9.45 25.59 23.62 4.72 1.13 4293 1.26 62.95 1.84
338 Bhal 1968 B3 37.50 3.00 9.45 37.40 35.43 7.09 1.13 3989 1.26 62.95 1.77
339 Bhal 1968 B4 41.63 3.00 9.45 49.21 47.24 9.45 1.13 3655 1.26 62.95 1.54
340 Bhal 1968 B5 23.87 3.00 9.45 25.59 23.62 4.72 1.13 3858 0.63 62.95 1.72
341 Bhal 1968 B6 25.65 3.00 9.45 25.59 23.62 4.72 1.13 3582 0.63 62.37 1.92
342 Bhal 1968 B7 31.43 3.00 9.45 37.40 35.43 7.09 1.13 3945 0.63 62.95 1.49
343 Bhal 1968 B8 28.66 3.00 9.45 37.40 35.43 7.09 1.13 4018 0.63 62.37 1.35
344 Taylor 1968 1A 13.89 3.02 8.00 16.00 14.57 4.40 0.38 4192 1.03 50.76 1.84
345 Taylor 1968 2A 20.59 3.02 8.00 16.00 14.57 4.40 0.38 4815 1.55 50.76 2.55
346 Taylor 1968 1B 17.00 3.02 8.00 16.00 14.57 4.40 0.38 4192 1.03 50.76 2.25
347 Taylor 1968 2B 22.59 3.02 8.00 16.00 14.57 4.40 0.38 4815 1.55 50.76 2.79
348 Taylor 1968 3B 17.11 3.02 8.00 16.00 14.57 4.40 0.38 4583 1.03 50.76 2.17
349 Mattock 1969 1 8.20 2.74 6.00 12.00 10.00 2.74 0.75 2480 1.03 58.02 2.74
350 Mattock 1969 3 12.30 2.74 6.00 12.00 10.00 2.74 0.75 6800 1.03 58.02 2.49
351 Mattock 1969 10 12.60 2.74 6.00 12.00 10.00 2.74 0.75 2690 3.10 58.02 4.05
352 Mattock 1969 15 7.00 5.14 6.00 12.00 10.00 5.14 0.75 3750 1.03 58.02 1.91
353 Mattock 1969 18 8.00 5.14 6.00 12.00 10.00 5.14 0.75 2620 2.07 58.02 2.60
354 Mattock 1969 22 9.00 5.14 6.00 12.00 10.00 5.14 0.75 2340 3.10 58.02 3.10
355 Mattock 1969 24 11.80 5.14 6.00 12.00 10.00 5.14 0.75 4230 3.10 58.02 3.02
356 Swamy et al 1970 3 12.30 2.50 6.00 9.00 7.75 2.52 0.75 3887 1.70 70.05 4.24
357 Swamy et al 1970 6 4.65 3.50 4.00 6.00 5.00 2.52 0.75 3844 1.64 70.05 3.75
358 Swamy et al 1970 8 4.34 4.50 4.00 6.00 5.00 2.52 0.75 3844 1.64 70.05 3.50
359 Placas and Regan 1971 R1 10.10 3.36 6.00 12.00 10.00 3.36 0.75 3800 0.98 90.07 2.73
360 Placas and Regan 1971 R2 10.60 3.36 6.00 12.00 10.00 3.36 0.75 3800 1.46 90.07 2.87
Author Year Specimen Vtest a/d bw h d bear ag f'c ρ fy V test
kips in in in in in psi % ksi √f' c bd
361 Placas and Regan 1971 R3 10.10 3.36 6.00 12.00 10.00 3.36 0.75 3600 1.46 90.07 2.81
362 Placas and Regan 1971 R7 12.20 3.36 6.00 12.00 10.00 3.36 0.75 4070 1.46 90.07 3.19
363 Placas and Regan 1971 D2 11.80 3.36 6.00 12.00 10.00 3.36 0.75 4400 1.46 90.07 2.96
364 Taylor 1972 A1 80.70 2.80 15.75 39.37 36.61 7.32 1.50 5280 1.35 60.92 1.93
365 Taylor 1972 A2 73.90 2.80 15.75 39.37 36.61 7.32 0.75 4620 1.35 60.92 1.89
366 Taylor 1972 B1 23.40 2.80 7.87 19.69 18.31 3.66 1.50 4930 1.35 60.92 2.31
367 Taylor 1972 B2 19.60 2.80 7.87 19.69 18.31 3.66 0.75 4500 1.35 60.92 2.03
368 Taylor 1972 B3 19.20 2.80 7.87 19.69 18.31 3.66 0.38 5810 1.35 60.92 1.75
369 Taylor 1972 C1 5.06 2.80 3.94 9.84 9.15 1.85 0.75 4640 1.35 60.92 2.06
370 Taylor 1972 C2 5.39 2.80 3.94 9.84 9.15 1.85 0.38 4640 1.35 60.92 2.20
371 Taylor 1972 C3 6.18 2.80 3.94 9.84 9.15 1.85 0.38 4980 1.35 60.92 2.43
372 Taylor 1972 C4 5.06 2.80 3.94 9.84 9.15 1.85 0.38 3770 1.35 60.92 2.29
373 Taylor 1972 C5 6.06 2.80 3.94 9.84 9.15 1.85 0.38 4060 1.35 60.92 2.64
374 Taylor 1972 C6 6.18 2.80 3.94 9.84 9.15 1.85 0.09 5220 1.35 60.92 2.37
375 Taylor 1972 D1 2.62 2.80 2.36 5.91 5.49 1.10 0.09 5800 1.35 60.92 2.65
376 Taylor 1972 D2 2.72 2.80 2.36 5.91 5.49 1.10 0.09 5800 1.35 60.92 2.75
377 Taylor 1972 D3 2.38 2.80 2.36 5.91 5.49 1.10 0.09 5800 1.35 60.92 2.41
378 Taylor 1972 D4 2.56 2.80 2.36 5.91 5.49 1.10 0.09 5800 1.35 60.92 2.59
379 Batson et al 1972 A1 4.32 4.80 4.00 6.00 5.00 2.40 0.75 5033 3.10 40.03 3.04
380 Batson et al 1972 A2 4.23 4.80 4.00 6.00 5.00 2.40 0.75 5033 3.10 40.03 2.98
381 Batson et al 1972 A3 4.65 4.80 4.00 6.00 5.00 2.40 0.75 5033 3.10 40.03 3.28
382 Aster and Koch 1974 8 64.54 5.50 39.37 21.42 19.69 3.94 1.13 4511 0.63 77.60 1.24
383 Aster and Koch 1974 9 58.59 5.50 39.37 21.42 19.69 3.94 1.13 2886 0.63 77.60 1.41
384 Aster and Koch 1974 10 58.81 5.50 39.37 21.42 19.69 3.94 1.13 2901 0.63 77.60 1.41
385 Aster and Koch 1974 17 81.72 3.67 39.37 31.26 29.53 5.91 1.13 4163 0.42 77.60 1.09
386 Marti et al 1977 PS11 20.61 3.95 15.75 7.09 6.38 2.52 0.63 4293 1.38 78.61 3.13
387 Reineck et al 1978 N6 31.36 2.50 19.69 9.84 8.86 2.21 0.63 3568 1.39 72.66 3.01
388 Reineck et al 1978 N7 26.42 2.50 19.69 9.84 8.90 2.22 0.63 3742 0.79 72.66 2.47
389 Reineck et al 1978 N8 22.82 3.50 19.69 9.84 8.90 3.11 0.63 3742 0.79 63.96 2.13
390 Kani 1979 27 11.55 2.50 6.00 12.00 10.68 5.98 0.75 4320 1.88 57.43 2.74
Author Year Specimen Vtest a/d bw h d bear ag f'c ρ fy V test
kips in in in in in psi % ksi √f' c bd
391 Kani 1979 28 12.20 2.50 6.00 12.00 10.68 5.98 0.75 4230 1.88 57.43 2.93
392 Kani 1979 29 9.65 4.50 6.00 12.00 10.68 5.98 0.75 3560 1.88 50.76 2.52
393 Kani 1979 30 10.40 4.50 6.00 12.00 10.68 5.98 0.75 3650 1.88 50.76 2.69
394 Kani 1979 35 10.10 3.53 6.11 12.00 10.61 5.98 0.75 3780 1.82 71.21 2.53
395 Kani 1979 36 11.60 3.49 6.02 12.00 10.75 5.98 0.75 3780 1.82 71.21 2.92
396 Kani 1979 103 8.72 2.98 6.11 12.00 10.78 5.98 0.75 4270 0.74 61.35 2.03
397 Kani 1979 104 7.56 4.03 6.05 12.00 10.60 5.98 0.75 3670 0.76 61.35 1.95
398 Kani 1979 105 9.34 2.50 6.00 12.00 10.70 5.98 0.75 3800 0.77 55.55 2.36
399 Kani 1979 106 10.03 2.53 6.05 12.00 10.54 5.98 0.75 4170 0.76 61.21 2.44
400 Kani 1979 107 5.77 5.08 6.08 12.00 10.51 5.98 0.75 3850 0.76 61.21 1.45
401 Kani 1979 111 9.74 2.50 6.06 12.00 10.71 5.98 0.75 3920 0.76 53.37 2.40
402 Kani 1979 112 8.85 2.50 6.02 12.00 10.75 5.98 0.75 3920 0.76 53.37 2.18
403 Kani 1979 115 10.19 2.50 6.00 12.00 10.69 5.98 0.75 3800 0.77 55.55 2.58
404 Kani 1979 116 8.83 3.01 6.00 12.00 10.67 5.98 0.75 3830 0.78 55.69 2.23
405 Kani 1979 121 11.00 2.99 6.00 12.00 10.72 5.98 0.75 2950 1.84 47.86 3.15
406 Kani 1979 122 8.73 3.94 5.90 12.00 10.85 5.98 0.75 2880 1.84 49.75 2.54
407 Kani 1979 123 8.50 4.00 6.12 12.00 10.68 5.98 0.75 2230 1.79 50.18 2.75
408 Kani 1979 124 7.20 5.00 6.08 12.00 10.68 5.98 0.75 2230 1.80 50.04 2.35
409 Kani 1979 126 9.60 3.00 6.12 12.00 10.72 5.98 0.75 2360 1.78 50.18 3.01
410 Kani 1979 130 9.00 5.42 6.04 12.00 10.85 5.98 0.75 2610 1.79 50.18 2.69
411 Kani 1979 131 11.14 2.50 5.95 12.00 10.79 5.98 0.75 2630 1.86 58.16 3.38
412 Kani 1979 132 11.68 2.51 6.05 12.00 10.66 5.98 0.75 2680 1.81 60.48 3.50
413 Kani 1979 133 8.66 4.97 6.06 12.00 10.76 5.98 0.75 2880 1.81 73.68 2.47
414 Kani 1979 143 6.80 3.96 6.05 12.00 10.80 5.98 0.75 2560 0.75 62.08 2.06
415 Kani 1979 149 9.82 2.50 6.01 12.00 10.69 5.98 0.75 2610 0.78 55.11 2.99
416 Kani 1979 150 10.38 2.50 6.04 12.00 10.75 5.98 0.75 2610 0.77 55.11 3.13
417 Kani 1979 151 8.01 2.50 6.06 12.00 10.73 5.98 0.75 2800 0.78 55.40 2.33
418 Kani 1979 152 7.30 3.20 5.88 12.00 10.63 5.98 0.75 2850 0.79 55.69 2.19
419 Kani 1979 153 7.38 2.99 6.00 12.00 10.73 5.98 0.75 2850 0.77 55.69 2.15
420 Kani 1979 163 9.10 2.50 6.14 12.00 10.73 5.98 0.75 5130 0.76 54.82 1.93
Author Year Specimen Vtest a/d bw h d bear ag f'c ρ fy V test
kips in in in in in psi % ksi √f' c bd
421 Kani 1979 163' 8.55 2.50 5.97 12.00 10.70 5.98 0.75 5130 0.78 54.82 1.87
422 Kani 1979 166 9.05 3.01 5.98 12.00 10.68 5.98 0.75 5130 0.78 54.68 1.98
423 Kani 1979 166' 8.60 2.97 6.05 12.00 10.80 5.98 0.75 5130 0.76 54.97 1.84
424 Kani 1979 179 7.55 2.57 6.03 12.00 10.40 5.98 0.75 4690 0.53 58.02 1.76
425 Kani 1979 182 10.96 5.05 6.09 12.00 10.57 5.98 0.75 4920 1.81 55.98 2.43
426 Kani 1979 186 12.45 3.99 6.09 12.00 10.70 5.98 0.75 5090 1.78 57.14 2.68
427 Kani 1979 191 11.94 2.96 6.05 12.00 10.83 5.98 0.75 4930 1.81 72.08 2.60
428 Kani 1979 194 11.50 2.93 6.06 12.00 10.93 5.98 0.75 5020 1.80 51.05 2.45
429 Kani 1979 195 10.63 3.93 6.03 12.00 10.84 5.98 0.75 5020 1.83 51.05 2.29
430 Kani 1979 197 12.00 2.50 5.92 12.00 10.77 5.98 0.75 5220 1.84 54.53 2.61
431 Kani 1979 202 11.22 5.97 6.05 12.00 10.73 5.98 0.75 4920 2.68 54.68 2.46
432 Kani 1979 206 22.55 2.50 6.00 12.00 10.64 5.98 0.75 5100 2.73 55.26 4.95
433 Kani 1979 208 13.50 4.44 6.17 12.00 10.83 5.98 0.75 5180 2.67 54.97 2.81
434 Kani 1979 210 17.75 2.50 6.08 12.00 10.70 5.98 0.75 5100 2.73 55.26 3.82
435 Kani 1979 211 12.85 3.02 6.03 12.00 10.62 5.98 0.75 5100 2.73 55.26 2.81
436 Kani 1979 212 13.60 2.98 6.11 12.00 10.76 5.98 0.75 5100 2.67 55.26 2.90
437 Kani 1979 213 12.90 4.44 6.07 12.00 10.85 5.98 0.75 5320 2.66 55.26 2.69
438 Kani 1979 214 18.40 2.50 6.04 12.00 10.70 5.98 0.75 5220 2.71 59.76 3.94
439 Kani 1979 215 14.80 2.50 6.08 12.00 10.77 5.98 0.75 5220 2.68 59.76 3.13
440 Kani 1979 246 5.70 3.47 6.03 12.00 10.80 5.98 0.75 4000 0.51 58.02 1.38
441 Kani 1979 266 7.30 2.50 6.03 12.00 10.69 5.98 0.75 2620 0.50 57.43 2.21
442 Kani 1979 267 5.50 3.53 6.04 12.00 10.60 5.98 0.75 3000 0.52 58.02 1.57
443 Kani 1979 268 6.12 2.98 6.03 12.00 10.84 5.98 0.75 2910 0.48 57.43 1.73
444 Nakazawa 1980 4 5.80 2.50 5.91 11.81 10.63 1.97 0.75 3263 0.53 46.27 1.62
445 Nakazawa 1980 5 5.51 3.00 5.91 11.81 10.63 1.97 0.75 4032 0.53 46.27 1.38
446 Nakazawa 1980 6 5.51 3.50 5.91 11.81 10.63 1.97 0.75 4047 0.53 46.27 1.38
447 Nakazawa 1980 7 4.00 4.00 5.91 11.81 10.63 1.97 0.75 4148 0.53 46.27 0.99
448 Nakazawa 1980 11 9.10 2.50 5.91 11.81 10.63 1.97 0.75 2944 0.70 46.27 2.67
449 Nakazawa 1980 12 6.68 3.00 5.91 11.81 10.63 1.97 0.75 3046 0.70 46.27 1.93
450 Nakazawa 1980 13 6.61 3.50 5.91 11.81 10.63 1.97 0.75 2901 0.70 46.27 1.95
Author Year Specimen Vtest a/d bw h d bear ag f'c ρ fy V test
kips in in in in in psi % ksi √f' c bd
451 Nakazawa 1980 14 4.27 4.00 5.91 11.81 10.63 1.97 0.75 2727 0.70 46.27 1.30
452 Nakazawa 1980 18 15.44 2.50 5.91 11.81 10.63 1.97 0.75 4163 1.47 51.92 3.81
453 Nakazawa 1980 19 13.51 3.00 5.91 11.81 10.63 1.97 0.75 3408 1.47 51.92 3.69
454 Nakazawa 1980 20 10.21 3.50 5.91 11.81 10.63 1.97 0.75 3742 1.47 51.92 2.66
455 Nakazawa 1980 21 10.48 4.00 5.91 11.81 10.63 1.97 0.75 4424 1.47 51.92 2.51
456 Nakazawa 1980 25 15.98 2.50 5.91 11.81 10.63 1.97 0.75 5047 1.91 51.92 3.58
457 Nakazawa 1980 26 13.20 3.00 5.91 11.81 10.63 1.97 0.75 5598 1.91 51.92 2.81
458 Nakazawa 1980 27 11.04 3.50 5.91 11.81 10.63 1.97 0.75 5598 1.91 51.92 2.35
459 Nakazawa 1980 28 11.31 4.00 5.91 11.81 10.63 1.97 0.75 4946 1.91 51.92 2.56
460 Hamadi and Regan 1980 G1 10.00 3.39 3.94 15.75 14.57 4.94 0.79 4395 1.70 91.66 2.63
461 Hamadi and Regan 1980 G2 9.22 3.37 3.94 15.75 14.65 4.94 0.79 3408 1.08 87.60 2.74
462 Hamadi and Regan 1980 G4 6.81 5.90 3.94 15.75 14.65 8.64 0.79 3191 1.08 91.37 2.09
463 Chana 1981 2.1a 21.58 3.00 8.00 16.00 14.02 4.20 0.79 7150 1.69 60.00 2.28
464 Chana 1981 2.1b 21.83 3.00 8.00 16.00 14.02 4.20 0.79 7150 1.69 60.00 2.30
465 Chana 1981 2.2a 19.65 3.00 8.00 16.00 14.02 4.20 0.39 6034 1.69 60.00 2.26
466 Chana 1981 2.2b 21.22 3.00 8.00 16.00 14.02 4.20 0.39 6034 1.69 60.00 2.44
467 Chana 1981 2.3a 22.35 3.00 8.00 16.00 14.02 4.20 0.79 6556 1.69 60.00 2.46
468 Chana 1981 2.3b 21.67 3.00 8.00 16.00 14.02 4.20 0.79 6556 1.69 60.00 2.39
469 Chana 1981 3.1a 5.35 3.00 3.94 8.00 6.97 2.09 0.39 5004 1.74 60.00 2.76
470 Chana 1981 3.1b 5.37 3.00 3.94 8.00 6.97 2.09 0.39 5004 1.74 60.00 2.77
471 Chana 1981 3.2a 5.51 3.00 3.94 8.00 6.97 2.09 0.39 5337 1.74 60.00 2.75
472 Chana 1981 3.2b 5.73 3.00 3.94 8.00 6.97 2.09 0.39 5337 1.74 60.00 2.86
473 Chana 1981 3.3a 5.96 3.00 3.94 8.00 6.97 2.09 0.39 5816 1.74 60.00 2.85
474 Chana 1981 3.3b 5.22 3.00 3.94 8.00 6.97 2.09 0.39 5816 1.74 60.00 2.49
475 Chana 1981 D1 4.97 3.00 3.94 8.00 6.97 2.09 0.39 4583 1.74 60.00 2.67
476 Chana 1981 D2 5.26 3.00 3.94 8.00 6.97 2.09 0.39 4699 1.74 60.00 2.80
477 Chana 1981 D3 4.81 3.00 3.94 8.00 6.97 2.09 0.39 6483 1.74 60.00 2.18
478 Chana 1981 4.1a 2.20 3.00 2.36 5.00 4.17 1.25 0.20 4482 1.72 60.00 3.34
479 Chana 1981 4.1b 1.96 3.00 2.36 5.00 4.17 1.25 0.20 4482 1.72 60.00 2.96
480 Chana 1981 4.2a 2.02 3.00 2.36 5.00 4.17 1.25 0.20 4482 1.72 60.00 3.07
Author Year Specimen Vtest a/d bw h d bear ag f'c ρ fy V test
kips in in in in in psi % ksi √f' c bd
481 Chana 1981 4.2b 2.18 3.00 2.36 5.00 4.17 1.25 0.20 4482 1.72 60.00 3.30
482 Chana 1981 4.3a 2.63 3.00 2.36 5.00 4.17 1.25 0.20 7571 1.72 60.00 3.07
483 Chana 1981 4.3b 2.79 3.00 2.36 5.00 4.17 1.25 0.20 7571 1.72 60.00 3.25
484 Chana 1981 4.4a 2.16 3.00 2.36 5.00 4.17 1.25 0.20 7571 1.72 60.00 2.52
485 Chana 1981 4.4b 2.36 3.00 2.36 5.00 4.17 1.25 0.20 7571 1.72 60.00 2.75
486 Chana 1981 5.1a 10.75 3.00 7.87 8.00 6.69 2.01 0.39 5845 1.80 60.00 2.67
487 Chana 1981 5.1b 10.75 3.00 7.87 8.00 6.69 2.01 0.39 5845 1.80 60.00 2.67
488 Chana 1981 5.2a 12.36 3.00 7.87 8.00 6.69 2.01 0.39 5743 1.80 60.00 3.10
489 Chana 1981 5.2b 12.59 3.00 7.87 8.00 6.69 2.01 0.39 5743 1.80 60.00 3.15
490 Chana 1981 6.1 0.47 3.00 0.91 2.00 1.65 0.50 0.08 5192 1.70 60.00 4.38
491 Chana 1981 6.2 0.43 3.00 0.91 2.00 1.65 0.50 0.08 5511 1.70 60.00 3.84
492 Chana 1981 6.3 0.47 3.00 0.91 2.00 1.65 0.50 0.08 5671 1.70 60.00 4.19
493 Chana 1981 6.4 0.47 3.00 0.91 2.00 1.65 0.50 0.08 8702 1.70 60.00 3.38
494 Chana 1981 6.5 0.58 3.00 0.91 2.00 1.65 0.50 0.08 6802 1.70 60.00 4.73
495 Chana 1981 6.6 0.61 3.00 0.91 2.00 1.65 0.50 0.08 9282 1.70 60.00 4.21
496 Chana 1981 6.7 0.54 3.00 0.91 2.00 1.65 0.50 0.08 6251 1.70 60.00 4.56
497 Chana 1981 6.8 0.49 3.00 0.91 2.00 1.65 0.50 0.08 6179 1.70 60.00 4.20
498 Chana 1981 6.9 0.52 3.00 0.91 2.00 1.65 0.50 0.08 6527 1.70 60.00 4.27
499 Mphonde and Frantz 1984 AO-3-3b 14.52 3.60 6.00 13.27 11.75 1.97 0.39 3011 3.36 60.00 3.75
500 Mphonde and Frantz 1984 AO-3-3c 15.02 3.60 6.00 13.27 11.75 1.97 0.39 3935 2.32 60.00 3.40
501 Mphonde and Frantz 1984 AO-7-3a 18.47 3.60 6.00 13.27 11.75 1.97 0.39 5463 3.36 60.00 3.54
502 Mphonde and Frantz 1984 AO-7-3b 18.61 3.60 6.00 13.27 11.75 1.97 0.39 6037 3.36 60.00 3.40
503 Mphonde and Frantz 1984 AO-11-3a 20.16 3.60 6.00 13.27 11.75 1.97 0.39 10867 3.36 60.00 2.74
504 Mphonde and Frantz 1984 AO-11-3b 20.09 3.60 6.00 13.27 11.75 1.97 0.39 10825 3.36 60.00 2.74
505 Mphonde and Frantz 1984 AO-15-3a 21.01 3.60 6.00 13.27 11.75 1.97 0.39 11797 3.36 60.00 2.74
506 Mphonde and Frantz 1984 AO-15-3b 22.49 3.60 6.00 13.27 11.75 1.97 0.39 13587 3.36 60.00 2.74
507 Mphonde and Frantz 1984 AO-15-3c 22.00 3.60 6.00 13.27 11.75 1.97 0.39 13319 3.36 60.00 2.70
508 Mphonde and Frantz 1984 AO-3-2 17.48 2.50 6.00 13.27 11.75 1.97 0.39 2986 3.36 60.00 4.54
509 Mphonde and Frantz 1984 AO-7-2 26.51 2.50 6.00 13.27 11.75 1.97 0.39 6549 3.36 60.00 4.65
510 Mphonde and Frantz 1984 AO-11-2 25.03 2.50 6.00 13.27 11.75 1.97 0.39 11498 3.36 60.00 3.31
Author Year Specimen Vtest a/d bw h d bear ag f'c ρ fy V test
kips in in in in in psi % ksi √f' c bd
511 Mphonde and Frantz 1984 AO-15-2a 39.97 2.50 6.00 13.27 11.75 1.97 0.39 12148 3.36 60.00 5.14
512 Elzanaty et al 1986 F1 13.04 4.00 7.00 12.00 10.50 4.20 0.50 9500 1.20 62.95 1.82
513 Elzanaty et al 1986 F10 16.33 4.00 7.00 12.00 10.50 4.20 0.50 9500 3.30 62.95 2.28
514 Elzanaty et al 1986 F11 9.66 4.00 7.00 12.00 10.50 4.20 0.50 3000 1.20 62.95 2.40
515 Elzanaty et al 1986 F12 10.95 4.00 7.00 12.00 10.50 4.20 0.50 3000 2.50 62.95 2.72
516 Elzanaty et al 1986 F13 10.19 4.00 7.00 12.00 10.50 4.20 0.50 5800 1.20 62.95 1.82
517 Elzanaty et al 1986 F14 13.55 4.00 7.00 12.00 10.50 4.20 0.50 5800 2.50 62.95 2.42
518 Elzanaty et al 1986 F15 14.66 4.00 7.00 12.00 10.50 4.20 0.50 11500 2.50 62.95 1.86
519 Elzanaty et al 1986 F2 14.33 4.00 7.00 12.00 10.50 4.20 0.50 9500 2.50 62.95 2.00
520 Elzanaty et al 1986 F6 13.54 6.00 7.00 12.00 10.50 6.30 0.50 9200 2.50 62.95 1.92
521 Elzanaty et al 1986 F7 7.57 4.00 7.00 12.00 10.50 4.20 0.50 3000 0.60 62.95 1.88
522 Elzanaty et al 1986 F8 10.19 4.00 7.00 12.00 10.50 4.20 0.50 5800 1.00 62.95 1.82
523 Elzanaty et al 1986 F9 14.03 4.00 7.00 12.00 10.50 4.20 0.50 11500 1.60 62.95 1.78
524 Ahmad et al 1986 A1 13.00 4.00 5.00 10.00 8.00 3.20 0.50 8823 3.93 60.00 3.46
525 Ahmad et al 1986 A2 15.50 3.00 5.00 10.00 8.00 2.40 0.50 8823 3.93 60.00 4.13
526 Ahmad et al 1986 A3 15.50 2.70 5.00 10.00 8.00 2.16 0.50 8823 3.93 60.00 4.13
527 Ahmad et al 1986 A7 10.50 4.00 5.00 10.00 8.19 3.28 0.50 8823 1.77 60.00 2.73
528 Ahmad et al 1986 A8 11.00 3.00 5.00 10.00 8.19 2.46 0.50 8823 1.77 60.00 2.86
529 Ahmad et al 1986 A9 18.00 2.70 5.00 10.00 8.19 2.21 0.50 8823 1.77 60.00 4.68
530 Ahmad et al 1986 B7 10.03 4.00 5.00 10.00 8.19 3.28 0.50 9715 2.25 60.00 2.49
531 Ahmad et al 1986 B8 10.50 3.00 5.00 10.00 8.19 2.46 0.50 9715 2.25 60.00 2.60
532 Ahmad et al 1986 B9 18.00 2.70 5.00 10.00 8.19 2.21 0.50 9715 2.25 60.00 4.46
533 Ahmad et al 1986 C7 10.20 4.00 5.00 10.00 8.13 3.25 0.50 9329 3.26 60.00 2.60
534 Ahmad et al 1986 C8 10.00 3.00 5.00 10.00 8.13 2.44 0.50 9329 3.26 60.00 2.55
535 Ahmad et al 1986 C9 10.20 2.70 5.00 10.00 8.13 2.20 0.50 9329 3.26 60.00 2.60
536 Muruyama and Iwabuchi 1986 N1 21.83 2.50 7.87 9.84 8.66 3.54 0.75 6831 1.55 49.75 3.87
537 Muruyama and Iwabuchi 1986 N2 18.75 2.50 7.87 9.84 8.66 3.54 0.75 7397 1.55 49.75 3.20
538 Muruyama and Iwabuchi 1986 NP1 19.63 3.10 7.87 9.84 8.66 3.54 0.75 6846 3.18 49.75 3.48
539 Muruyama and Iwabuchi 1986 NP2 25.36 3.10 7.87 9.84 8.66 3.54 0.75 6860 3.18 49.75 4.49
540 Muruyama and Iwabuchi 1986 NP3 21.40 3.10 7.87 9.84 8.66 3.54 0.75 7136 3.18 49.75 3.71
Author Year Specimen Vtest a/d bw h d bear ag f'c ρ fy V test
kips in in in in in psi % ksi √f' c bd
541 Muruyama and Iwabuchi 1986 NS1 20.95 3.00 7.87 9.84 8.66 3.54 0.75 6599 2.57 49.75 3.78
542 Muruyama and Iwabuchi 1986 NS2 20.50 3.00 7.87 9.84 8.66 3.54 0.75 6788 2.57 49.75 3.65
543 Muruyama and Iwabuchi 1986 NS3 19.40 3.00 7.87 9.84 8.66 3.54 0.75 7121 3.18 49.75 3.37
544 Muruyama and Iwabuchi 1986 NS4 18.52 3.00 7.87 9.84 8.66 3.54 0.75 7324 3.18 49.75 3.17
545 Muruyama and Iwabuchi 1986 NL1 20.50 4.00 7.87 9.84 8.66 3.54 0.75 6802 2.57 49.75 3.64
546 Muruyama and Iwabuchi 1986 NL2 18.07 4.00 7.87 9.84 8.66 3.54 0.75 6367 2.57 49.75 3.32
547 Muruyama and Iwabuchi 1986 NL3 18.75 4.00 7.87 9.84 8.66 3.54 0.75 6309 2.57 49.75 3.46
548 Muruyama and Iwabuchi 1986 NL4 20.08 4.00 7.87 9.84 8.66 3.54 0.75 6947 3.18 49.75 3.53
549 Muruyama and Iwabuchi 1986 NL5 20.50 4.00 7.87 9.84 8.66 3.54 0.75 6831 3.18 49.75 3.64
550 Mansur et al 1986 A2 10.12 2.80 5.91 8.86 7.87 2.20 0.79 3510 1.34 67.15 3.67
551 Mansur et al 1986 A3 8.66 3.60 5.91 8.86 7.87 2.83 0.79 3510 1.34 67.15 3.14
552 Mansur et al 1986 A4 7.60 4.40 5.91 8.86 7.87 3.46 0.79 3510 1.34 67.15 2.76
553 Niwa et al 1987 1 90.37 3.00 23.62 82.68 78.74 7.87 1.00 3931 0.28 144.89 0.77
554 Niwa et al 1987 2 85.88 3.00 23.62 82.68 78.74 7.87 1.00 3800 0.14 144.89 0.75
555 Niwa et al 1987 3 22.93 3.00 11.81 43.31 39.37 7.87 1.00 3568 0.14 144.89 0.83
556 Regan and Rezai-Jorabi 1988 1 14.05 5.42 15.75 3.94 3.27 3.94 0.39 5482 1.66 97.18 3.69
557 Regan and Rezai-Jorabi 1988 2 19.11 5.42 23.62 3.94 3.27 3.94 0.39 5482 1.58 97.18 3.34
558 Regan and Rezai-Jorabi 1988 3 21.92 5.42 31.50 3.94 3.27 3.94 0.39 5482 1.54 97.18 2.88
559 Regan and Rezai-Jorabi 1988 4 12.25 5.42 15.75 3.94 3.27 3.94 0.39 4076 1.66 97.18 3.73
560 Regan and Rezai-Jorabi 1988 5 17.98 5.42 23.62 3.94 3.27 3.94 0.39 4076 1.58 97.18 3.65
561 Regan and Rezai-Jorabi 1988 6 21.69 5.42 31.50 3.94 3.27 3.94 0.39 4076 1.54 97.18 3.30
562 Regan and Rezai-Jorabi 1988 10 11.80 5.42 15.75 3.94 3.27 3.94 0.79 4844 1.66 97.18 3.30
563 Regan and Rezai-Jorabi 1988 11 12.36 5.42 15.75 3.94 3.27 3.94 0.79 4844 1.66 97.18 3.45
564 Regan and Rezai-Jorabi 1988 12 17.09 5.42 23.62 3.94 3.27 3.94 0.79 4844 1.58 97.18 3.18
565 Regan and Rezai-Jorabi 1988 13 17.87 5.42 23.62 3.94 3.27 3.94 0.79 4844 1.58 97.18 3.33
566 Regan and Rezai-Jorabi 1988 14 20.79 5.42 31.50 3.94 3.27 3.94 0.79 4496 1.54 97.18 3.01
567 Regan and Rezai-Jorabi 1988 15 19.11 6.63 31.50 3.94 3.27 3.94 0.79 4467 1.54 97.18 2.78
568 Regan and Rezai-Jorabi 1988 16 24.28 5.42 31.50 3.94 3.27 3.94 0.79 4525 1.54 97.18 3.51
569 Regan and Rezai-Jorabi 1988 16R 26.19 5.42 31.50 3.94 3.27 3.94 0.79 4525 1.54 97.18 3.78
570 Regan and Rezai-Jorabi 1988 17 20.23 5.42 39.37 3.94 3.27 3.94 0.79 4496 1.51 97.18 2.35
Author Year Specimen Vtest a/d bw h d bear ag f'c ρ fy V test
kips in in in in in psi % ksi √f' c bd
571 Regan and Rezai-Jorabi 1988 17R 30.91 5.42 39.37 3.94 3.27 3.94 0.79 4496 1.51 97.18 3.58
572 Regan and Rezai-Jorabi 1988 18 26.98 5.42 39.37 3.94 3.27 3.94 0.79 4525 1.51 97.18 3.12
573 Regan and Rezai-Jorabi 1988 19 24.95 5.42 39.37 3.94 3.27 3.94 0.79 4206 1.51 97.18 2.99
574 Regan and Rezai-Jorabi 1988 20 27.54 5.42 39.37 3.94 3.27 3.94 0.79 4467 1.51 97.18 3.20
575 Regan and Rezai-Jorabi 1988 22 27.31 5.63 47.24 3.94 3.27 3.94 0.79 5366 1.64 97.18 2.42
576 Regan and Rezai-Jorabi 1988 23 28.10 5.63 47.24 3.94 3.27 3.94 0.79 5134 1.64 97.18 2.54
577 Regan and Rezai-Jorabi 1988 24 33.72 5.63 47.24 3.94 3.27 3.94 0.79 5598 1.64 97.18 2.92
578 Regan and Rezai-Jorabi 1988 26 30.91 4.38 47.24 3.94 3.27 3.94 0.79 4308 1.64 97.18 3.05
579 Johnson and Ramirez 1989 6 43.05 3.10 12.00 24.00 21.21 4.02 0.75 8108 2.49 76.14 1.88
580 Thorenfeldt and Drangsholt 1990 B11 13.07 3.00 5.91 9.84 8.70 0.98 0.63 7832 1.82 72.52 2.87
581 Thorenfeldt and Drangsholt 1990 B13 15.84 4.00 5.91 9.92 8.15 0.98 0.63 7832 3.23 72.52 3.72
582 Thorenfeldt and Drangsholt 1990 B14 18.58 3.00 5.91 9.96 8.15 0.98 0.63 7832 3.23 72.52 4.36
583 Thorenfeldt and Drangsholt 1990 B21 15.27 3.00 5.91 9.84 8.70 0.98 0.63 11281 1.82 72.52 2.80
584 Thorenfeldt and Drangsholt 1990 B23 17.49 4.00 5.91 9.84 8.15 0.98 0.63 11281 3.23 72.52 3.42
585 Thorenfeldt and Drangsholt 1990 B24 18.58 3.00 5.91 9.84 8.15 0.98 0.63 11281 3.23 72.52 3.63
586 Thorenfeldt and Drangsholt 1990 B31 20.54 3.00 5.91 9.84 8.70 0.98 0.63 8418 1.82 72.52 4.36
587 Thorenfeldt and Drangsholt 1990 B33 15.29 4.00 5.91 9.84 8.15 0.98 0.63 8418 3.23 72.52 3.46
588 Thorenfeldt and Drangsholt 1990 B34 18.58 3.00 5.91 9.84 8.15 0.98 0.63 8418 3.23 72.52 4.21
589 Thorenfeldt and Drangsholt 1990 B43 19.37 4.00 5.91 9.84 8.15 0.98 0.63 12537 3.23 72.52 3.59
590 Thorenfeldt and Drangsholt 1990 B44 24.09 3.00 5.91 9.84 8.15 0.98 0.63 12537 3.23 72.52 4.47
591 Thorenfeldt and Drangsholt 1990 B51 12.63 3.00 5.91 9.84 8.70 0.98 0.63 14170 1.82 72.52 2.06
592 Thorenfeldt and Drangsholt 1990 B53 17.27 4.00 5.91 9.84 8.15 0.98 0.63 14170 3.23 72.52 3.02
593 Thorenfeldt and Drangsholt 1990 B54 17.47 3.00 5.91 9.84 8.15 0.98 0.63 14170 3.23 72.52 3.05
594 Thorenfeldt and Drangsholt 1990 B61 40.53 3.00 11.81 19.69 17.40 0.98 0.63 11280 1.82 72.52 1.86
595 Thorenfeldt and Drangsholt 1990 B63 51.58 4.00 11.81 19.69 16.30 0.98 0.63 11280 3.23 72.52 2.52
596 Thorenfeldt and Drangsholt 1990 B64 63.10 3.00 11.81 19.69 16.30 0.98 0.63 11280 3.23 72.52 3.09
597 Bazant and Kazemi 1991 BK2.1 0.65 3.00 1.50 2.00 1.61 0.48 0.20 6701 1.62 100.08 3.30
598 Bazant and Kazemi 1991 BK2.2 0.61 3.00 1.50 2.00 1.61 0.48 0.20 6701 1.62 100.08 3.07
599 Bazant and Kazemi 1991 BK2.3 0.72 3.00 1.50 2.00 1.61 0.48 0.20 6701 1.62 100.08 3.64
600 Bazant and Kazemi 1991 BK3.1 1.21 3.00 1.50 4.00 3.27 0.98 0.20 6701 1.62 100.08 3.03
Author Year Specimen Vtest a/d bw h d bear ag f'c ρ fy V test
kips in in in in in psi % ksi √f' c bd
601 Bazant and Kazemi 1991 BK3.2 1.12 3.00 1.50 4.00 3.27 0.98 0.20 6701 1.62 100.08 2.81
602 Bazant and Kazemi 1991 BK3.3 1.01 3.00 1.50 4.00 3.27 0.98 0.20 6701 1.62 100.08 2.53
603 Bazant and Kazemi 1991 BK4.1 1.64 3.00 1.50 8.00 6.10 1.83 0.20 6701 1.62 100.08 2.20
604 Bazant and Kazemi 1991 BK4.2 1.89 3.00 1.50 8.00 6.10 1.83 0.20 6701 1.62 100.08 2.53
605 Bazant and Kazemi 1991 BK4.3 1.87 3.00 1.50 8.00 6.10 1.83 0.20 6701 1.62 100.08 2.50
606 Bazant and Kazemi 1991 BK2.1_2 0.72 3.00 1.50 2.00 1.61 0.48 0.20 6788 1.62 100.08 3.62
607 Bazant and Kazemi 1991 BK2.2_2 0.67 3.00 1.50 2.00 1.61 0.48 0.20 6788 1.62 100.08 3.39
608 Bazant and Kazemi 1991 BK2.3_2 0.70 3.00 1.50 2.00 1.61 0.48 0.20 6788 1.62 100.08 3.50
609 Bazant and Kazemi 1991 BK3.1_2 1.24 3.00 1.50 4.00 3.27 0.98 0.20 6788 1.62 100.08 3.07
610 Bazant and Kazemi 1991 BK3.2_2 1.26 3.00 1.50 4.00 3.27 0.98 0.20 6788 1.62 100.08 3.13
611 Bazant and Kazemi 1991 BK3.3_2 1.17 3.00 1.50 4.00 3.27 0.98 0.20 6788 1.62 100.08 2.90
612 Bazant and Kazemi 1991 BK4.1_2 2.05 3.00 1.50 8.00 6.10 1.83 0.20 6788 1.62 100.08 2.72
613 Bazant and Kazemi 1991 BK4.2_2 2.20 3.00 1.50 8.00 6.10 1.83 0.20 6788 1.62 100.08 2.93
614 Bazant and Kazemi 1991 BK4.3_2 2.27 3.00 1.50 8.00 6.10 1.83 0.20 6788 1.62 100.08 3.02
615 Remmel 1991 S1_2 10.79 3.06 5.91 7.87 6.50 1.99 0.63 12343 1.87 75.85 2.53
616 Remmel 1991 S1_4 12.95 4.00 5.91 7.87 6.30 2.52 0.63 12256 4.09 68.75 3.14
617 Remmel 1991 S1_5 13.53 3.06 5.91 7.87 6.30 1.93 0.63 12256 4.09 68.75 3.29
618 Kim and Park 1994 CTL-1 15.89 3.00 6.69 11.81 10.63 3.19 1.00 7789 1.87 69.18 2.53
619 Kim and Park 1994 CTL-2 16.10 3.00 6.69 11.81 10.63 3.19 1.00 7789 1.87 69.18 2.56
620 Kim and Park 1994 P1.0-1 13.10 3.00 6.69 11.81 10.71 3.21 1.00 7789 1.01 69.18 2.07
621 Kim and Park 1994 P1.0-2 12.68 3.00 6.69 11.81 10.71 3.21 1.00 7789 1.01 69.18 2.00
622 Kim and Park 1994 P3.4-1 17.55 3.00 6.69 11.81 10.51 3.15 1.00 7789 3.35 69.18 2.83
623 Kim and Park 1994 P3.4-2 17.65 3.00 6.69 11.81 10.51 3.15 1.00 7789 3.35 69.18 2.84
624 Kim and Park 1994 P4.6-1 20.17 3.00 6.69 11.81 10.04 3.01 1.00 7789 4.68 69.18 3.40
625 Kim and Park 1994 P4.6-2 21.44 3.00 6.69 11.81 10.04 3.01 1.00 7789 4.68 69.18 3.62
626 Kim and Park 1994 A4.5-1 14.96 4.50 6.69 11.81 10.63 4.78 1.00 7789 1.87 69.18 2.38
627 Kim and Park 1994 A4.5-2 14.34 4.50 6.69 11.81 10.63 4.78 1.00 7789 1.87 69.18 2.28
628 Kim and Park 1994 A6.0-1 13.31 6.00 6.69 11.81 10.63 6.38 1.00 7789 1.87 69.18 2.12
629 Kim and Park 1994 A6.0-2 13.72 6.00 6.69 11.81 10.63 6.38 1.00 7789 1.87 69.18 2.19
630 Kim and Park 1994 D142-1 9.23 3.00 6.69 6.69 5.59 1.68 1.00 7789 1.87 69.18 2.79
Author Year Specimen Vtest a/d bw h d bear ag f'c ρ fy V test
kips in in in in in psi % ksi √f' c bd
631 Kim and Park 1994 D142-2 8.85 3.00 6.69 6.69 5.59 1.68 1.00 7789 1.87 69.18 2.68
632 Kim and Park 1994 D550-1 50.82 3.00 11.81 24.41 21.65 6.50 1.00 7789 1.88 69.18 2.25
633 Kim and Park 1994 D550-2 48.22 3.00 11.81 24.41 21.65 6.50 1.00 7789 1.88 69.18 2.14
634 Kim and Park 1994 D915-1 61.09 3.00 11.81 39.37 36.02 10.81 1.00 7789 1.87 69.18 1.63
635 Kim and Park 1994 D915-2 74.67 3.00 11.81 39.37 36.02 10.81 1.00 7789 1.87 69.18 1.99
636 Walraven and Lehwalter 1994 A1 6.70 3.00 7.87 5.91 4.92 1.22 0.63 4960 0.83 60.92 2.45
637 Walraven and Lehwalter 1994 A2 15.87 3.00 7.87 17.72 16.54 3.31 0.63 4960 0.74 60.92 1.73
638 Walraven and Lehwalter 1994 A3 22.66 3.00 7.87 29.53 28.35 5.67 0.63 5047 0.79 60.92 1.43
639 Walraven and Lehwalter 1994 B1 8.95 3.00 7.87 5.91 4.92 1.22 0.63 5453 0.83 60.92 3.13
640 Walraven and Lehwalter 1994 B2 13.60 3.00 7.87 17.72 16.54 3.31 0.63 5453 0.74 60.92 1.41
641 Walraven and Lehwalter 1994 B3 17.80 3.00 7.87 29.53 28.35 5.67 0.63 5033 0.79 60.92 1.12
642 Xie et al 1994 NNN-3 8.25 3.00 5.00 10.00 8.50 0.59 0.75 5758 2.07 61.06 2.56
643 Xie et al 1994 NHN-3 10.27 3.00 5.00 10.00 8.50 0.59 0.75 15113 2.07 61.06 1.97
644 Hallgren 1994 B90SB13-2-8 18.55 3.65 6.42 9.17 7.56 2.76 0.75 12502 2.17 91.37 3.42
645 Hallgren 1994 B90SB14-2-8 17.20 3.61 6.22 9.25 7.64 2.76 0.75 12502 2.21 91.37 3.24
646 Hallgren 1994 B90SB22-2-8 16.97 3.63 6.22 9.21 7.60 2.76 0.75 12270 2.22 91.37 3.24
647 Hallgren 1994 B91SC2-2-62 15.62 3.57 6.10 9.33 7.72 2.76 0.75 8963 2.23 64.25 3.50
648 Hallgren 1994 B91SC4-2-69 16.64 3.59 6.14 9.29 7.68 2.76 0.75 10022 2.23 64.25 3.52
649 Hallgren 1994 B90SB17-2-4 13.26 3.66 6.18 9.13 7.52 2.76 0.75 6512 2.26 91.37 3.54
650 Hallgren 1994 B90SB18-2-4 14.16 3.61 6.10 9.25 7.64 2.76 0.75 6512 2.25 91.37 3.77
651 Hallgren 1994 B90SB21-2-8 15.51 3.61 6.10 9.25 7.64 2.76 0.75 12270 2.25 91.37 3.00
652 Hallgren 1994 B91SC1-2-62 15.96 3.63 6.14 9.21 7.60 2.76 0.75 8963 2.25 64.25 3.61
653 Hallgren 1994 B91SD1-4-61 19.90 3.61 6.14 9.72 7.64 2.76 0.75 8818 3.98 71.65 4.52
654 Hallgren 1994 B91SD2-4-61 20.23 3.59 6.14 9.76 7.68 2.76 0.75 8818 3.96 71.65 4.57
655 Hallgren 1994 B91SD3-4-66 18.32 3.59 6.14 9.76 7.68 2.76 0.75 9529 3.96 71.65 3.98
656 Hallgren 1994 B91SD4-4-66 17.76 3.59 6.10 9.76 7.68 2.76 0.75 9529 3.99 71.65 3.88
657 Hallgren 1994 B91SD5-4-58 17.54 3.57 6.14 9.80 7.72 2.76 0.75 8456 3.94 71.65 4.02
658 Hallgren 1994 B91SD6-4-58 18.55 3.57 5.91 9.80 7.72 2.76 0.75 8456 4.10 71.65 4.43
659 Hallgren 1994 B90SB5-2-33 12.59 3.66 6.14 9.13 7.52 2.76 0.75 4757 2.28 94.42 3.95
660 Hallgren 1994 B90SB6-2-33 12.03 3.61 6.14 9.25 7.64 2.76 0.75 4757 2.24 94.42 3.72
Author Year Specimen Vtest a/d bw h d bear ag f'c ρ fy V test
kips in in in in in psi % ksi √f' c bd
661 Hallgren 1994 B90SB9-2-31 11.02 3.65 6.14 9.17 7.56 2.76 0.75 4511 2.26 94.42 3.53
662 Hallgren 1994 B90SB10-2-3 12.03 3.63 6.18 9.21 7.60 2.76 0.75 4511 2.20 94.42 3.81
663 Scholz 1994 A-2 18.66 3.00 7.87 15.75 14.65 4.39 0.63 11690 0.81 72.52 1.50
664 Scholz 1994 D-2 27.20 3.00 7.87 15.75 14.25 4.28 0.63 14040 1.94 72.52 2.05
665 Scholz 1994 D-3 27.20 4.00 7.87 15.75 14.25 5.70 0.63 14040 1.94 72.52 2.05
666 Matsui et al 1995 A1 6.18 3.00 3.94 7.09 5.91 1.77 0.75 4699 2.65 53.23 3.88
667 Matsui et al 1995 A2 7.17 3.00 3.94 7.09 5.91 1.77 0.75 4699 2.65 53.23 4.50
668 Matsui et al 1995 B1 6.59 3.00 3.94 7.09 5.91 1.77 0.75 5569 2.65 53.23 3.80
669 Matsui et al 1995 B2 6.90 3.00 3.94 7.09 5.91 1.77 0.75 5569 2.65 53.23 3.98
670 Matsui et al 1995 C1 6.65 3.00 3.94 7.09 5.91 1.77 0.75 7063 2.65 53.23 3.41
671 Matsui et al 1995 C2 7.26 3.00 3.94 7.09 5.91 1.77 0.75 7063 2.65 53.23 3.72
672 Matsui et al 1995 D1 7.51 3.00 3.94 7.09 5.91 1.77 0.75 10283 2.65 53.23 3.18
673 Matsui et al 1995 D2 7.62 3.00 3.94 7.09 5.91 1.77 0.75 10283 2.65 53.23 3.23
674 Matsui et al 1995 E1 8.61 3.00 3.94 7.09 5.91 1.77 0.75 12096 2.65 53.23 3.37
675 Matsui et al 1995 E2 9.55 3.00 3.94 7.09 5.91 1.77 0.75 12096 2.65 53.23 3.74
676 Matsui et al 1995 F1 7.73 3.00 3.94 7.09 5.91 1.77 0.75 18492 2.65 53.23 2.45
677 Matsui et al 1995 F2 10.81 3.00 3.94 7.09 5.91 1.77 0.75 18492 2.65 53.23 3.42
678 Matsui et al 1995 L1 15.67 3.00 3.94 10.24 8.86 2.66 0.75 18057 2.55 58.45 3.34
679 Matsui et al 1995 L2 9.55 3.00 3.94 10.24 8.86 2.66 0.75 18057 2.55 58.45 2.04
680 Matsui et al 1995 M1 9.76 3.50 3.94 10.24 8.86 3.10 0.75 18057 2.55 58.45 2.08
681 Matsui et al 1995 M2 9.85 3.50 3.94 10.24 8.86 3.10 0.75 18057 2.55 58.45 2.10
682 Matsui et al 1995 N1 9.28 4.00 3.94 10.24 8.86 3.54 0.75 18057 2.55 58.45 1.98
683 Matsui et al 1995 N2 8.72 4.00 3.94 10.24 8.86 3.54 0.75 18057 2.55 58.45 1.86
684 Matsui et al 1995 S1 12.14 3.00 3.94 14.17 12.80 3.84 0.75 18492 2.58 48.73 1.77
685 Matsui et al 1995 S2 18.68 3.00 3.94 14.17 12.80 3.84 0.75 18492 2.58 48.73 2.73
686 Adebar and Collins 1996 ST1 28.67 2.88 14.17 12.20 10.94 3.15 0.75 7614 1.57 77.74 2.12
687 Adebar and Collins 1996 ST2 26.68 2.88 14.17 12.20 10.94 3.15 0.75 7614 1.57 77.74 1.97
688 Adebar and Collins 1996 ST3 24.22 2.88 11.42 12.20 10.94 3.15 0.75 7150 1.95 77.74 2.29
689 Adebar and Collins 1996 ST8 18.12 2.88 11.42 12.20 10.94 3.15 0.75 6701 1.95 77.74 1.77
690 Adebar and Collins 1996 ST16 16.89 4.49 11.42 8.27 7.01 3.15 0.75 7469 3.04 77.74 2.44
Author Year Specimen Vtest a/d bw h d bear ag f'c ρ fy V test
kips in in in in in psi % ksi √f' c bd
691 Adebar and Collins 1996 ST23 20.21 2.88 11.42 12.20 10.94 3.15 0.75 8543 1.00 77.74 1.75
692 Yoon et al 1996 N1-S 55.93 3.23 14.76 29.53 25.79 5.91 0.79 5221 2.85 58.02 2.03
693 Yoon et al 1996 M1-S 66.50 3.23 14.76 29.53 25.79 5.91 0.39 9718 2.85 58.02 1.77
694 Yoon et al 1996 H1-S 73.47 3.23 14.76 29.53 25.79 5.91 0.39 12618 2.85 58.02 1.72
695 Hallgren 1996 B3 16.97 2.64 10.31 9.45 8.19 2.17 0.75 13401 0.74 91.66 1.74
696 Hallgren 1996 B5 23.27 2.61 11.14 9.45 8.31 2.17 0.75 13242 1.05 87.60 2.18
697 Hallgren 1996 B7 19.90 2.64 13.27 9.45 8.19 2.17 0.75 12328 0.57 91.37 1.65
698 Sato et al 1996 S1 20.70 2.69 7.87 11.81 10.24 2.76 0.75 5453 3.31 53.81 3.48
699 Konig et al 1997 S1.1 15.76 3.73 11.81 7.87 6.02 1.97 0.63 13068 1.34 95.72 1.94
700 Konig et al 1997 S1.2 17.04 3.75 11.81 7.87 5.98 1.97 0.63 13227 2.21 74.98 2.10
701 Konig et al 1997 S1.3 22.17 3.90 11.81 7.87 5.75 1.97 0.63 13590 4.22 70.63 2.80
702 Konig et al 1997 S2.2 42.06 3.53 11.81 15.75 13.70 3.94 0.63 13242 1.88 68.02 2.26
703 Konig et al 1997 S2.3 27.67 3.53 11.81 15.75 13.70 2.76 0.63 13590 0.94 68.02 1.47
704 Konig et al 1997 S2.4 51.66 3.75 11.81 15.75 12.91 2.60 0.63 13648 3.76 70.63 2.90
705 Konig et al 1997 S3.2 58.25 3.56 11.81 31.50 28.27 5.67 0.63 13590 1.72 70.63 1.50
706 Konig et al 1997 S3.3 43.34 3.53 11.81 31.50 29.37 5.87 0.63 13692 0.83 70.63 1.07
707 Konig et al 1997 S3.4 85.20 3.81 11.81 31.50 27.17 5.43 0.63 13648 3.57 70.63 2.27
708 Konig et al 1997 S4.1 16.68 3.73 11.81 7.87 6.02 1.97 0.63 16085 1.34 95.72 1.85
709 Konig et al 1997 S4.2 20.30 3.75 11.81 7.87 5.98 1.97 0.63 16085 2.21 74.98 2.26
710 Konig et al 1997 S4.3 27.49 3.90 11.81 7.87 5.75 1.97 0.63 16085 4.22 70.63 3.19
711 Kawano and Wantanabe 1997 A1A 7.53 3.00 4.13 12.99 11.81 2.36 0.79 3597 1.26 58.02 2.57
712 Kawano and Wantanabe 1997 A1B 6.63 3.00 4.13 12.99 11.81 2.36 0.79 3597 1.26 58.02 2.26
713 Kawano and Wantanabe 1997 A2A 18.55 3.00 6.93 22.44 19.69 3.94 0.79 3960 1.36 58.02 2.16
714 Kawano and Wantanabe 1997 A2B 22.82 3.00 6.93 22.44 19.69 3.94 0.79 3960 1.36 58.02 2.66
715 Kawano and Wantanabe 1997 A3A 48.56 3.00 13.78 41.34 37.40 7.48 0.79 3002 1.22 58.02 1.72
716 Kawano and Wantanabe 1997 A3B 53.39 3.00 13.78 41.34 37.40 7.48 0.79 2988 1.22 58.02 1.90
717 Kawano and Wantanabe 1997 A4A 137.25 3.00 23.62 86.61 78.74 15.75 1.58 3220 1.20 58.02 1.30
718 Kawano and Wantanabe 1997 A4B 125.89 3.00 23.62 86.61 78.74 15.75 1.58 3350 1.20 58.02 1.17
719 Ghannoum 1998 N220-l 23.29 2.50 15.75 8.66 7.48 3.94 0.79 4960 1.20 62.80 2.81
720 Ghannoum 1998 N350-l 35.50 2.50 15.75 13.78 12.32 3.94 0.79 4960 1.20 69.18 2.60
Author Year Specimen Vtest a/d bw h d bear ag f'c ρ fy V test
kips in in in in in psi % ksi √f' c bd
721 Ghannoum 1998 N485-l 41.99 2.50 15.75 19.09 17.32 3.94 0.79 4960 1.20 55.84 2.19
722 Ghannoum 1998 N960-l 80.98 2.50 15.75 37.80 35.00 3.94 0.79 4960 1.20 55.84 2.09
723 Ghannoum 1998 N220-h 27.58 2.50 15.75 8.66 7.48 3.94 0.79 4960 2.00 62.80 3.32
724 Ghannoum 1998 N350-h 40.11 2.50 15.75 13.78 12.32 3.94 0.79 4960 2.00 69.18 2.93
725 Ghannoum 1998 N485-h 48.24 2.50 15.75 19.09 17.32 3.94 0.79 4960 2.00 55.84 2.51
726 Ghannoum 1998 N960-h 85.36 2.50 15.75 37.80 35.00 3.94 0.79 4960 2.00 55.84 2.20
727 Ghannoum 1998 H220-l 23.78 2.50 15.75 8.66 7.48 3.94 0.39 8499 1.20 62.80 2.19
728 Ghannoum 1998 H350-l 35.32 2.50 15.75 13.78 12.32 3.94 0.39 8499 1.20 69.18 1.97
729 Ghannoum 1998 H485-l 44.44 2.50 15.75 19.09 17.32 3.94 0.39 8499 1.20 55.84 1.77
730 Ghannoum 1998 H960-l 69.78 2.50 15.75 37.80 35.00 3.94 0.39 8499 1.20 55.84 1.37
731 Ghannoum 1998 H220-h 30.42 2.50 15.75 8.66 7.48 3.94 0.39 8499 2.00 62.80 2.80
732 Ghannoum 1998 H350-h 42.60 2.50 15.75 13.78 12.32 3.94 0.39 8499 2.00 69.18 2.38
733 Ghannoum 1998 H485-h 44.56 2.50 15.75 19.09 17.32 3.94 0.39 8499 2.00 55.84 1.77
734 Ghannoum 1998 H960-h 74.43 2.50 15.75 37.80 35.00 3.94 0.39 8499 2.00 55.84 1.46
735 Islam et al 1998 M100-S0 14.61 3.94 5.91 9.84 7.99 3.15 0.39 12082 3.22 77.16 2.82
736 Islam et al 1998 M100-S1 24.21 2.96 5.91 9.84 7.99 2.36 0.39 12082 3.22 77.16 4.67
737 Islam et al 1998 M100-S3 21.78 2.96 5.91 9.84 7.99 2.36 0.39 12082 3.22 77.16 4.20
738 Islam et al 1998 M100-S4 18.14 3.94 5.91 9.84 7.99 3.15 0.39 12082 3.22 77.16 3.50
739 Islam et al 1998 M80-S0 13.04 3.94 5.91 9.84 7.99 3.15 0.39 10472 3.22 77.16 2.70
740 Islam et al 1998 M80-S1 26.37 2.96 5.91 9.84 7.99 2.36 0.39 10472 3.22 77.16 5.46
741 Islam et al 1998 M80-S3 25.94 2.96 5.91 9.84 7.99 2.36 0.39 10472 3.22 77.16 5.37
742 Islam et al 1998 M80-S4 16.21 3.94 5.91 9.84 7.99 3.15 0.39 10472 3.22 77.16 3.36
743 Islam et al 1998 M60-S0 10.23 3.86 5.91 9.84 8.15 3.15 0.39 7368 2.02 80.35 2.48
744 Islam et al 1998 M60-S1 20.75 2.90 5.91 9.84 8.15 2.36 0.39 7368 2.02 80.35 5.02
745 Islam et al 1998 M60-S3 20.32 2.90 5.91 9.84 8.15 2.36 0.39 7368 2.02 80.35 4.92
746 Islam et al 1998 M60-S4 11.67 3.86 5.91 9.84 8.15 3.15 0.39 7368 2.02 80.35 2.82
747 Islam et al 1998 M40-S0 12.36 3.90 5.91 9.84 8.07 3.15 0.39 4989 3.19 46.41 3.67
748 Islam et al 1998 M40-S2 19.02 2.93 5.91 9.84 8.07 2.36 0.39 4989 3.19 46.41 5.65
749 Islam et al 1998 M40-S3 18.14 2.93 5.91 9.84 8.07 2.36 0.39 4989 3.19 46.41 5.39
750 Islam et al 1998 M40-S4 17.29 3.90 5.91 9.84 8.07 3.15 0.39 4989 3.19 46.41 5.14
Author Year Specimen Vtest a/d bw h d bear ag f'c ρ fy V test
kips in in in in in psi % ksi √f' c bd
751 Islam et al 1998 M25-S0 10.68 3.86 5.91 9.84 8.15 3.15 0.39 3858 2.02 50.76 3.57
752 Islam et al 1998 M25-S1 15.13 2.90 5.91 9.84 8.15 2.36 0.39 3858 2.02 50.76 5.06
753 Islam et al 1998 M25-S3 12.70 2.90 5.91 9.84 8.15 2.36 0.39 3858 2.02 50.76 4.25
754 Islam et al 1998 M25-S4 14.70 3.86 5.91 9.84 8.15 3.15 0.39 3858 2.02 50.76 4.92
755 Kulkarni and Shah 1998 B4JL20-S 4.38 5.00 4.00 7.00 5.98 2.99 0.39 5889 1.38 75.13 2.39
756 Kulkarni and Shah 1998 B3NO15-S 5.10 4.00 4.00 7.00 5.98 2.39 0.39 6034 1.38 75.13 2.74
757 Kulkarni and Shah 1998 B3NO30-S 5.44 3.50 4.00 7.00 5.98 2.09 0.39 6324 1.38 75.13 2.86
758 Kulkarni and Shah 1998 B3SE03-S 5.17 4.50 4.00 7.00 5.98 2.69 0.39 6527 1.38 75.13 2.67
759 Triantafillou 1998 Ca 1.74 3.20 2.76 4.33 3.94 1.26 0.39 4351 1.44 58.02 2.43
760 Triantafillou 1998 Cb 1.94 3.20 2.76 4.33 3.94 1.26 0.39 4351 1.44 58.02 2.72
761 Kim and White 1999 2.5CNB 10.05 2.50 5.00 9.00 7.50 3.74 0.50 4366 1.65 66.86 4.06
762 Kim and White 1999 3CNB 6.60 3.00 5.00 9.00 7.50 3.74 0.50 5468 1.65 66.86 2.38
763 Kim and White 1999 4CNB 6.80 4.00 5.00 9.00 7.50 3.74 0.50 5062 1.65 66.86 2.55
764 Kim et al 1999 2.5P1 7.69 2.50 3.94 11.81 9.84 3.74 0.75 2843 1.08 64.25 3.72
765 Kim et al 1999 3P1 6.23 3.00 3.94 11.81 9.84 3.74 0.75 2843 1.08 64.25 3.01
766 Kim et al 1999 4P1 6.19 4.00 3.94 11.81 9.84 3.74 0.75 2843 1.08 64.25 3.00
767 Kim et al 1999 2.5P2 10.51 2.50 3.94 11.81 9.84 3.74 0.75 2843 1.94 52.65 5.09
768 Kim et al 1999 3P2 7.00 3.00 3.94 11.81 9.84 3.74 0.75 2843 1.94 52.65 3.39
769 Kim et al 1999 4P2 7.14 4.00 3.94 11.81 9.84 3.74 0.75 2843 1.94 52.65 3.45
770 Collins and Kuchma 1999 B100D 71.94 2.92 11.81 39.37 36.42 5.98 0.39 5221 1.19 79.77 2.31
771 Collins and Kuchma 1999 BN50 29.67 2.92 11.81 19.69 17.72 5.98 0.39 5395 0.81 68.89 1.93
772 Collins and Kuchma 1999 BN25 16.41 2.92 11.81 9.84 8.86 5.98 0.39 5395 0.89 70.05 2.14
773 Collins and Kuchma 1999 BN12.5 8.99 2.92 11.81 4.92 4.33 5.98 0.39 5395 0.91 75.71 2.39
774 Collins and Kuchma 1999 BND100 58.00 2.92 11.81 39.37 36.42 5.98 0.39 5395 1.05 79.77 1.84
775 Collins and Kuchma 1999 BND50 36.64 2.92 11.81 19.69 17.72 5.98 0.39 5395 1.11 68.89 2.38
776 Collins and Kuchma 1999 BND25 25.18 2.92 11.81 9.84 8.86 5.98 0.39 5395 1.31 70.05 3.28
777 Collins and Kuchma 1999 BH50 29.67 2.92 11.81 19.69 17.72 5.98 0.39 14330 0.81 68.89 1.18
778 Collins and Kuchma 1999 BH25 19.11 2.92 11.81 9.84 8.86 5.98 0.39 14330 0.89 70.05 1.53
779 Collins and Kuchma 1999 BHD100 62.50 2.92 11.81 39.37 36.42 5.98 0.39 14330 1.05 79.77 1.21
780 Collins and Kuchma 1999 BHD50 43.39 2.92 11.81 19.69 17.72 5.98 0.39 14330 1.11 68.89 1.73
Author Year Specimen Vtest a/d bw h d bear ag f'c ρ fy V test
kips in in in in in psi % ksi √f' c bd
781 Collins and Kuchma 1999 BHD25 24.95 2.92 11.81 9.84 8.86 5.98 0.39 14330 1.31 70.05 1.99
782 Shin et al 1999 MHB2.5-0 12.68 2.50 4.92 9.84 8.46 2.12 0.50 7542 3.77 60.05 3.50
783 Shin et al 1999 HB2.5-0 18.07 2.50 4.92 9.84 8.46 2.12 0.50 10588 3.77 60.05 4.22
784 Zararis and Papadakis 1999 A0 7.26 3.60 5.51 10.63 9.25 3.33 0.75 3611 1.37 60.00 2.37
785 Karayiannis and Chalioris 1999 A0 13.53 2.77 7.87 11.81 10.24 2.84 0.75 3771 1.47 60.00 2.73
786 Karayiannis and Chalioris 1999 B0 16.10 3.46 7.87 11.81 10.24 3.54 0.75 3771 1.96 60.00 3.25
787 Yoshida 1998 YB2000/0 57.93 2.86 11.81 78.74 74.41 5.91 0.39 4873 0.74 65.99 0.94
788 Angelakos et al 2001 DB120 40.24 2.92 11.81 39.37 36.42 5.98 0.39 3046 1.01 79.77 1.70
789 Angelakos et al 2001 DB130 41.59 2.92 11.81 39.37 36.42 5.98 0.39 4641 1.01 79.77 1.42
790 Angelakos et al 2001 DB140 40.47 2.92 11.81 39.37 36.42 5.98 0.39 5511 1.01 79.77 1.27
791 Angelakos et al 2001 DB165 41.59 2.92 11.81 39.37 36.42 5.98 0.39 9427 1.01 79.77 1.00
792 Angelakos et al 2001 DB180 38.67 2.92 11.81 39.37 36.42 5.98 0.39 11603 1.01 79.77 0.83
793 Angelakos et al 2001 DB230 57.78 3.02 11.81 39.37 35.24 5.98 0.39 4641 2.09 79.77 2.04
794 Angelakos et al 2001 DB0.530 37.09 2.92 11.81 39.37 36.42 5.98 0.39 4641 0.50 79.77 1.27
795 Angelakos et al 2001 B100 50.58 2.92 11.81 39.37 36.42 5.98 0.39 5221 1.01 79.77 1.63
796 Angelakos et al 2001 B100H 43.39 2.92 11.81 39.37 36.42 5.98 0.39 14214 1.01 79.77 0.85
797 Angelakos et al 2001 B100HE 48.78 2.92 11.81 39.37 36.42 5.98 0.39 14214 1.01 79.77 0.95
798 Angelakos et al 2001 BN100 43.16 2.92 11.81 39.37 36.42 5.98 0.39 5366 0.76 79.77 1.37
799 Angelakos et al 2001 BH100 43.39 2.92 11.81 39.37 36.42 5.98 0.39 14359 0.76 79.77 0.84
800 Angelakos et al 2001 BRL100 36.64 2.92 11.81 39.37 36.42 5.98 0.39 13634 0.50 79.77 0.73
801 Yost et al 2001 1Steel-a 13.65 4.03 9.00 11.26 8.94 1.77 1.00 5265 1.54 87.02 2.34
802 Yost et al 2001 1Steel-b 12.66 4.03 9.00 11.26 8.94 1.77 1.00 5265 1.54 87.02 2.17
803 Yost et al 2001 1Steel-c 13.04 4.03 9.00 11.26 8.94 1.77 1.00 5265 1.54 87.02 2.23
804 Ali 2001 BSC1 11.43 2.50 6.00 12.00 10.50 2.63 0.75 7020 0.58 60.00 2.17
805 Ali 2001 BSD1 8.11 3.00 6.00 12.00 10.50 3.15 0.75 6850 0.58 60.00 1.56
806 Ali 2001 BSE1 7.23 3.50 6.00 12.00 10.50 3.68 0.75 6670 0.58 60.00 1.41
807 Ali 2001 BSF1 9.11 4.00 6.00 12.00 10.50 4.20 0.75 6820 0.58 60.00 1.75
808 Ali 2001 BSC2 13.66 2.50 6.00 12.00 10.50 2.63 0.75 6680 0.87 60.00 2.65
809 Ali 2001 BSD2 10.90 3.00 6.00 12.00 10.50 3.15 0.75 7190 0.87 60.00 2.04
810 Ali 2001 BSE2 9.74 3.50 6.00 12.00 10.50 3.68 0.75 6670 0.87 60.00 1.89
Author Year Specimen Vtest a/d bw h d bear ag f'c ρ fy V test
kips in in in in in psi % ksi √f' c bd
811 Ali 2001 BSF2 10.40 4.00 6.00 12.00 10.50 4.20 0.75 7160 0.87 60.00 1.95
812 Ali 2001 BSC3 13.93 2.50 6.00 12.00 10.50 2.63 0.75 6600 1.05 60.00 2.72
813 Ali 2001 BSD3 12.02 3.00 6.00 12.00 10.50 3.15 0.75 7570 1.05 60.00 2.19
814 Ali 2001 BSE3 13.73 3.50 6.00 12.00 10.50 3.68 0.75 7830 1.05 60.00 2.46
815 Ali 2001 BSF3 12.22 4.00 6.00 12.00 10.50 4.20 0.75 6940 1.05 60.00 2.33
816 Yaqub 2002 BSD1 19.63 2.50 6.00 12.00 10.50 2.63 0.75 8590 0.98 60.00 3.36
817 Yaqub 2002 BSE1 11.57 3.00 6.00 12.00 10.50 3.15 0.75 7690 0.98 60.00 2.09
818 Yaqub 2002 BSF1 10.63 3.50 6.00 12.00 10.50 3.68 0.75 7690 0.98 60.00 1.92
819 Yaqub 2002 BSG1 10.01 4.00 6.00 12.00 10.50 4.20 0.75 8330 0.98 60.00 1.74
820 Yaqub 2002 BSH1 10.04 4.50 6.00 12.00 10.50 4.73 0.75 8330 0.98 60.00 1.75
821 Yaqub 2002 BSI1 10.07 5.00 6.00 12.00 10.50 5.25 0.75 8330 0.98 60.00 1.75
822 Yaqub 2002 BSJ1 9.14 5.50 6.00 12.00 10.50 5.78 0.75 8110 0.98 60.00 1.61
823 Yaqub 2002 BSK1 6.89 6.00 6.00 12.00 10.50 6.30 0.75 8110 0.98 60.00 1.21
824 Yaqub 2002 BSD2 15.30 2.50 6.00 12.00 10.50 2.63 0.75 7690 1.46 60.00 2.77
825 Yaqub 2002 BSE2 12.87 3.00 6.00 12.00 10.50 3.15 0.75 7690 1.46 60.00 2.33
826 Yaqub 2002 BSF2 11.28 3.50 6.00 12.00 10.50 3.68 0.75 7690 1.46 60.00 2.04
827 Yaqub 2002 BSG2 11.96 4.00 6.00 12.00 10.50 4.20 0.75 8330 1.46 60.00 2.08
828 Yaqub 2002 BSH2 10.70 4.50 6.00 12.00 10.50 4.73 0.75 8330 1.46 60.00 1.86
829 Yaqub 2002 BSI2 10.73 5.00 6.00 12.00 10.50 5.25 0.75 8110 1.46 60.00 1.89
830 Yaqub 2002 BSJ2 10.77 5.50 6.00 12.00 10.50 5.78 0.75 8110 1.46 60.00 1.90
831 Yaqub 2002 BSK2 8.19 6.00 6.00 12.00 10.50 6.30 0.75 8110 1.46 60.00 1.44
832 Cladera 2002 H50/1 22.41 3.00 7.87 15.75 14.13 3.94 0.50 7237 2.24 72.52 2.37
833 Cladera 2002 H60/1 24.30 3.00 7.87 15.75 14.13 3.94 0.50 8818 2.24 72.52 2.33
834 Cladera 2002 H75/1 22.46 3.00 7.87 15.75 14.13 3.94 0.50 9993 2.24 72.52 2.02
835 Cladera 2002 H100/1 26.50 3.00 7.87 15.75 14.13 3.94 0.50 12618 2.24 72.52 2.12
836 Tureyen and Frosch 2002 V-S-1 40.29 3.39 18.00 16.81 14.17 4.80 0.75 5932 0.96 76.00 2.05
837 Tureyen and Frosch 2002 V-S-2 45.79 3.39 18.00 16.81 14.17 4.80 0.75 6005 1.92 76.00 2.32
838 Tureyen and Frosch 2002 V-D-2 30.30 3.39 18.00 16.81 14.17 4.80 0.75 6338 0.36 108.05 1.49
839 Tariq and Newhook 2003 R-S007Na 13.24 2.75 6.30 15.75 13.62 2.72 0.79 5410 0.72 70.05 2.10
840 Tariq and Newhook 2003 R-S007Nb 14.23 2.75 6.30 15.75 13.62 2.72 0.79 5410 0.72 70.05 2.25
Author Year Specimen Vtest a/d bw h d bear ag f'c ρ fy V test
kips in in in in in psi % ksi √f' c bd
841 Tariq and Newhook 2003 R-S010N1 14.99 3.32 6.30 15.75 13.62 2.72 0.79 6266 1.08 70.05 2.21
842 Tariq and Newhook 2003 R-S010N2 13.98 3.32 6.30 15.75 13.62 2.72 0.79 6266 1.08 70.05 2.06
843 Tariq and Newhook 2003 R-S015N1 15.69 3.54 6.30 15.75 12.80 2.72 0.79 4946 1.54 70.05 2.77
844 Tariq and Newhook 2003 R-S015N2 15.85 3.54 6.30 15.75 12.80 2.72 0.79 4946 1.54 70.05 2.80
845 Elahi 2003 BG4 13.14 2.50 6.00 12.00 10.50 2.63 0.75 8120 0.63 60.00 2.31
846 Elahi 2003 BG5 10.80 3.00 6.00 12.00 10.50 3.15 0.75 8160 0.63 60.00 1.90
847 Elahi 2003 BG6 7.82 3.50 6.00 12.00 10.50 3.68 0.75 8150 0.63 60.00 1.37
848 Elahi 2003 BG7 7.19 4.00 6.00 12.00 10.50 4.20 0.75 7950 0.63 60.00 1.28
849 Elahi 2003 BG8 8.30 4.50 6.00 12.00 10.50 4.73 0.75 8090 0.63 60.00 1.46
850 Elahi 2003 BG9 5.95 5.00 6.00 12.00 10.50 5.25 0.75 8040 0.63 60.00 1.05
851 Elahi 2003 BG10 5.34 5.50 6.00 12.00 10.50 5.78 0.75 8190 0.63 60.00 0.94
852 Elahi 2003 BG11 4.72 6.00 6.00 12.00 10.50 6.30 0.75 8010 0.63 60.00 0.84
853 Elahi 2003 BH4 11.41 2.50 6.00 12.00 10.50 2.63 0.75 8340 0.98 60.00 1.98
854 Elahi 2003 BH5 8.85 3.00 6.00 12.00 10.50 3.15 0.75 7940 0.98 60.00 1.58
855 Elahi 2003 BH6 10.10 3.50 6.00 12.00 10.50 3.68 0.75 8170 0.98 60.00 1.77
856 Elahi 2003 BH7 10.86 4.00 6.00 12.00 10.50 4.20 0.75 8120 0.98 60.00 1.91
857 Elahi 2003 BH8 9.38 4.50 6.00 12.00 10.50 4.73 0.75 8280 0.98 60.00 1.64
858 Elahi 2003 BH9 8.33 5.00 6.00 12.00 10.50 5.25 0.75 8220 0.98 60.00 1.46
859 Elahi 2003 BH10 8.37 5.50 6.00 12.00 10.50 5.78 0.75 7850 0.98 60.00 1.50
860 Elahi 2003 BH11 7.10 6.00 6.00 12.00 10.50 6.30 0.75 7860 0.98 60.00 1.27
861 Elahi 2003 BI4 25.70 2.50 6.00 12.00 10.50 2.63 0.75 7850 1.40 60.00 4.60
862 Elahi 2003 BI5 12.32 3.00 6.00 12.00 10.50 3.15 0.75 8180 1.40 60.00 2.16
863 Elahi 2003 BI6 10.62 3.50 6.00 12.00 10.50 3.68 0.75 8080 1.40 60.00 1.88
864 Elahi 2003 BI7 10.65 4.00 6.00 12.00 10.50 4.20 0.75 7890 1.40 60.00 1.90
865 Elahi 2003 BI8 10.68 4.50 6.00 12.00 10.50 4.73 0.75 7760 1.40 60.00 1.92
866 Elahi 2003 BI9 11.14 5.00 6.00 12.00 10.50 5.25 0.75 7850 1.40 60.00 2.00
867 Elahi 2003 BI10 12.05 5.50 6.00 12.00 10.50 5.78 0.75 8130 1.40 60.00 2.12
868 Elahi 2003 BI11 11.43 6.00 6.00 12.00 10.50 6.30 0.75 7980 1.40 60.00 2.03
869 Elahi 2003 BJ4 22.67 2.50 6.00 12.00 10.50 2.63 0.75 8000 1.94 60.00 4.02
870 Elahi 2003 BJ5 13.18 3.00 6.00 12.00 10.50 3.15 0.75 8110 1.94 60.00 2.32
Author Year Specimen Vtest a/d bw h d bear ag f'c ρ fy V test
kips in in in in in psi % ksi √f' c bd
871 Elahi 2003 BJ6 11.91 3.50 6.00 12.00 10.50 3.68 0.75 7820 1.94 60.00 2.14
872 Elahi 2003 BJ7 13.90 4.00 6.00 12.00 10.50 4.20 0.75 7690 1.94 60.00 2.52
873 Elahi 2003 BJ8 14.15 4.50 6.00 12.00 10.50 4.73 0.75 7950 1.94 60.00 2.52
874 Elahi 2003 BJ9 12.88 5.00 6.00 12.00 10.50 5.25 0.75 8210 1.94 60.00 2.26
875 Elahi 2003 BJ10 11.62 5.50 6.00 12.00 10.50 5.78 0.75 7970 1.94 60.00 2.07
876 Elahi 2003 BJ11 12.08 6.00 6.00 12.00 10.50 6.30 0.75 8070 1.94 60.00 2.13
877 Rahal and Al-Shaleh 2004 A65-NTR 28.08 2.73 7.87 14.57 12.99 3.55 0.50 8891 2.16 70.05 2.91
878 Rahal and Al-Shaleh 2004 B65-NTR 38.20 2.95 7.87 14.57 12.01 3.54 0.50 8978 3.89 70.05 4.26
879 Adhikary et al 2004 B-1 25.18 4.08 11.81 11.81 9.65 3.94 0.75 5511 4.46 57.29 2.98
880 Bentz and Buckley 2005 SBB1.1 3.26 2.95 4.09 4.06 3.31 0.98 0.39 4786 1.63 71.65 3.48
881 Bentz and Buckley 2005 SBB1.2 4.16 2.95 4.13 4.06 3.31 0.98 0.39 4786 1.62 71.65 4.40
882 Bentz and Buckley 2005 SBB1.3 3.37 2.95 4.09 4.06 3.31 0.98 0.39 4786 1.63 71.65 3.60
883 Bentz and Buckley 2005 SBB2.1 6.47 2.95 4.17 8.11 6.61 1.95 0.39 4351 1.60 71.65 3.56
884 Bentz and Buckley 2005 SBB2.2 6.86 2.95 4.13 8.11 6.61 1.95 0.39 4351 1.62 71.65 3.80
885 Bentz and Buckley 2005 SBB2.3 6.68 2.98 4.17 8.11 6.54 1.95 0.39 4351 1.62 71.65 3.71
886 Bentz and Buckley 2005 SBB3.1 9.49 2.97 4.13 14.88 13.11 3.89 0.39 4931 1.55 71.07 2.49
887 Bentz and Buckley 2005 SBB3.2 9.13 2.97 3.98 14.88 13.11 3.89 0.39 4931 1.61 71.07 2.49
888 Bentz and Buckley 2005 SBB3.3 9.64 2.97 3.98 14.88 13.11 3.89 0.39 4931 1.61 71.07 2.63
889 El-Sayed et al 2005 SN-0.8 22.14 3.07 9.84 15.75 12.83 11.81 0.75 7252 0.86 65.70 2.06
890 El-Sayed et al 2005 SN-1.2 26.19 3.07 9.84 15.75 12.83 11.81 0.75 6469 1.23 66.72 2.58
891 El-Sayed et al 2005 SN-1.7 32.48 3.07 9.84 15.75 12.83 11.81 0.75 6324 1.72 66.72 3.23
892 El-Sayed et al 2005 SH-1.7 35.97 3.07 9.84 15.75 12.83 11.81 0.75 8992 1.72 66.72 3.00
893 Carolin and Taljsten 2005 R1 28.33 2.84 7.09 19.69 17.32 10.00 0.75 9924 3.05 74.69 2.32
894 Carolin and Taljsten 2005 R2 27.88 2.84 7.09 19.69 17.32 10.00 0.75 10229 3.05 74.69 2.25
895 Carolin and Taljsten 2005 R3 23.16 2.84 7.09 19.69 17.32 10.00 0.75 7176 3.05 74.69 2.23
896 Carolin and Taljsten 2005 R4 26.75 2.84 7.09 19.69 17.32 10.00 0.75 8092 3.05 74.69 2.42
897 Carolin and Taljsten 2005 R5 28.10 2.84 7.09 19.69 17.32 10.00 0.75 7023 3.05 74.69 2.73
898 Cao et al 2005 Ba 14.84 2.50 5.91 9.84 8.76 2.19 0.75 4580 4.41 52.36 4.24
899 Cao et al 2005 L1 14.39 2.92 5.91 9.84 8.76 2.56 0.75 2718 4.41 52.36 5.34
900 Lubell 2006 AW1 131.51 3.44 46.06 23.23 21.18 12.01 0.39 5352 0.79 67.73 1.84
Author Year Specimen Vtest a/d bw h d bear ag f'c ρ fy V test
kips in in in in in psi % ksi √f' c bd
901 Lubell 2006 AW4 160.96 3.66 45.98 23.23 19.92 12.01 0.39 5787 1.69 67.73 2.31
902 Lubell 2006 AW8 177.37 3.65 46.02 23.27 19.96 5.98 0.39 5714 1.69 67.73 2.55
903 Lubell 2006 AX6 63.17 3.61 27.68 13.31 11.34 5.98 0.39 5947 1.73 67.73 2.61
904 Lubell 2006 AX7 55.98 3.62 27.72 13.19 11.30 5.98 0.39 5947 1.04 59.90 2.32
905 Lubell 2006 AX8 61.15 3.60 27.76 13.35 11.38 5.98 0.39 5947 1.72 67.73 2.51
906 Lubell 2006 AY1 19.11 3.00 9.80 18.39 17.09 5.98 0.39 5903 0.33 130.53 1.48
907 Sherwood et al 2006 AT-2-250A 26.03 2.96 9.84 18.50 17.20 5.98 0.39 5468 0.92 67.44 2.08
908 Sherwood et al 2006 AT-2-250B 25.47 2.94 9.84 18.50 17.32 5.98 0.39 5584 0.90 67.44 2.00
909 Sherwood et al 2006 AT-2-1000A 107.01 2.94 39.37 18.50 17.32 5.98 0.39 5656 0.91 67.44 2.09
910 Sherwood et al 2006 AT-2-1000B 100.00 2.96 39.37 18.50 17.20 5.98 0.39 5497 0.91 67.44 1.99
911 Sherwood et al 2006 AT-2-3000 291.20 2.94 118.11 18.58 17.32 5.98 0.39 5889 0.91 67.44 1.85
912 Sherwood et al 2006 AT-3-A 53.80 3.38 27.40 13.31 12.09 5.98 0.39 5439 0.93 64.98 2.20
913 Sherwood et al 2006 AT-3-C 58.50 3.41 27.80 13.31 12.01 5.98 0.39 5381 0.93 64.98 2.39
914 Sherwood et al 2006 AT-3-B 57.28 3.41 27.60 13.31 12.01 5.98 0.39 5482 0.93 64.98 2.33
915 Sherwood et al 2006 AT-3-D 56.25 3.38 27.80 13.31 12.09 5.98 0.39 5381 0.93 64.98 2.28
916 Guadagnini et al 2006 SB40 10.18 3.36 5.91 9.84 8.78 1.97 0.79 6295 1.35 72.52 2.48
917 Brown et al 2006 1 20.39 3.00 8.00 18.00 16.00 7.99 0.39 3873 3.07 68.02 2.56
918 Sherwood et al 2007 L-10N1 59.57 2.89 11.81 59.45 55.12 5.91 0.39 5569 0.83 65.56 1.23
919 Sherwood et al 2007 L-10N2 54.40 2.89 11.81 59.45 55.12 5.91 0.39 5845 0.83 65.56 1.09
920 Sherwood et al 2007 L-10H 53.95 2.89 11.81 59.45 55.12 5.91 0.39 10675 0.83 65.56 0.80
921 Sherwood et al 2007 L-20N1 59.57 2.89 11.81 59.45 55.12 5.91 0.79 4554 0.83 65.56 1.36
922 Sherwood et al 2007 L-20N2 59.80 2.89 11.81 59.45 55.12 5.91 0.79 4815 0.83 65.56 1.32
923 Sherwood et al 2007 L-40N1 54.40 2.89 11.81 59.45 55.12 5.91 1.58 4076 0.83 65.56 1.31
924 Sherwood et al 2007 L-40N2 64.74 2.89 11.81 59.45 55.12 5.91 1.58 4134 0.83 65.56 1.55
925 Sherwood et al 2007 L-50N1 61.15 2.89 11.81 59.45 55.12 5.91 2.00 5947 0.83 65.56 1.22
926 Sherwood et al 2007 L-50N2 66.99 2.89 11.81 59.45 55.12 5.91 2.00 5816 0.83 65.56 1.35
927 Sherwood et al 2007 L-50N2R 72.61 2.89 11.81 59.45 55.12 5.91 2.00 5816 0.83 65.56 1.46
928 Sherwood et al 2007 S-10N1 8.23 2.89 4.80 12.99 11.02 1.18 0.39 6077 0.83 71.65 1.99
929 Sherwood et al 2007 S-10N2 8.61 2.89 4.80 12.99 11.02 1.18 0.39 6077 0.83 71.65 2.09
930 Sherwood et al 2007 S-10H 8.48 2.89 4.80 12.99 11.02 1.18 0.39 11211 0.83 71.65 1.51
Author Year Specimen Vtest a/d bw h d bear ag f'c ρ fy V test
kips in in in in in psi % ksi √f' c bd
931 Sherwood et al 2007 S-20N1 8.79 2.89 4.80 12.99 11.02 1.18 0.79 5685 0.83 71.65 2.20
932 Sherwood et al 2007 S-20N2 8.59 2.89 4.80 12.99 11.02 1.18 0.79 5526 0.83 71.65 2.18
933 Sherwood et al 2007 S-40N1 9.40 2.89 4.80 12.99 11.02 1.18 1.58 4221 0.83 71.65 2.73
934 Sherwood et al 2007 S-40N2 7.85 2.89 4.80 12.99 11.02 1.18 1.58 4221 0.83 71.65 2.28
935 Sherwood et al 2007 S-50N1 8.66 2.89 4.80 12.99 11.02 1.18 2.00 6309 0.83 71.65 2.06
936 Sherwood et al 2007 S-50N2 9.13 2.89 4.80 12.99 11.02 1.18 2.00 6309 0.83 71.65 2.17
937 Bukhari and Ahmad 2008 RCB11 14.46 2.50 6.00 12.00 10.50 2.63 0.75 7647 0.58 60.00 2.62
938 Bukhari and Ahmad 2008 RCB12 9.30 3.00 6.00 12.00 10.50 3.15 0.75 7126 0.58 60.00 1.75
939 Bukhari and Ahmad 2008 RCB13 11.93 3.50 6.00 12.00 10.50 3.68 0.75 7116 0.58 60.00 2.24
940 Bukhari and Ahmad 2008 RCB14 7.74 4.00 6.00 12.00 10.50 4.20 0.75 6868 0.58 60.00 1.48
941 Bukhari and Ahmad 2008 RCB15 6.80 4.50 6.00 12.00 10.50 4.73 0.75 7204 0.58 60.00 1.27
942 Bukhari and Ahmad 2008 RCB16 6.83 5.00 6.00 12.00 10.50 5.25 0.75 6682 0.58 60.00 1.33
943 Bukhari and Ahmad 2008 RCB17 6.21 5.50 6.00 12.00 10.50 5.78 0.75 6580 0.58 60.00 1.22
944 Bukhari and Ahmad 2008 RCB18 5.59 6.00 6.00 12.00 10.50 6.30 0.75 7028 0.58 60.00 1.06
945 Bukhari and Ahmad 2008 RCB21 14.46 2.50 6.00 12.00 10.50 2.63 0.75 7007 0.87 60.00 2.74
946 Bukhari and Ahmad 2008 RCB22 11.90 3.00 6.00 12.00 10.50 3.15 0.75 7130 0.87 60.00 2.24
947 Bukhari and Ahmad 2008 RCB23 11.93 3.50 6.00 12.00 10.50 3.68 0.75 6915 0.87 60.00 2.28
948 Bukhari and Ahmad 2008 RCB24 10.67 4.00 6.00 12.00 10.50 4.20 0.75 6845 0.87 60.00 2.05
949 Bukhari and Ahmad 2008 RCB25 9.40 4.50 6.00 12.00 10.50 4.73 0.75 7653 0.87 60.00 1.71
950 Bukhari and Ahmad 2008 RCB26 9.43 5.00 6.00 12.00 10.50 5.25 0.75 7267 0.87 60.00 1.76
951 Bukhari and Ahmad 2008 RCB27 8.16 5.50 6.00 12.00 10.50 5.78 0.75 6587 0.87 60.00 1.60
952 Bukhari and Ahmad 2008 RCB28 8.19 6.00 6.00 12.00 10.50 6.30 0.75 7198 0.87 60.00 1.53
953 Bukhari and Ahmad 2008 RCB31 15.76 2.50 6.00 12.00 10.50 2.63 0.75 6561 1.07 60.00 3.09
954 Bukhari and Ahmad 2008 RCB32 13.20 3.00 6.00 12.00 10.50 3.15 0.75 7062 1.07 60.00 2.49
955 Bukhari and Ahmad 2008 RCB33 12.90 3.50 6.00 12.00 10.50 3.68 0.75 6973 1.07 60.00 2.45
956 Bukhari and Ahmad 2008 RCB34 10.83 4.00 6.00 12.00 10.50 4.20 0.75 7015 1.07 60.00 2.05
957 Bukhari and Ahmad 2008 RCB35 11.02 4.50 6.00 12.00 10.50 4.73 0.75 6949 1.07 60.00 2.10
958 Bukhari and Ahmad 2008 RCB36 9.43 5.00 6.00 12.00 10.50 5.25 0.75 6493 1.07 60.00 1.86
959 Bukhari and Ahmad 2008 RCB37 9.14 5.50 6.00 12.00 10.50 5.78 0.75 6721 1.07 60.00 1.77
960 Bukhari and Ahmad 2008 RCB38 9.17 6.00 6.00 12.00 10.50 6.30 0.75 7199 1.07 60.00 1.72
Author Year Specimen Vtest a/d bw h d bear ag f'c ρ fy V test
kips in in in in in psi % ksi √f' c bd
961 Lee and Kim 2008 L1-A 43.28 3.00 10.63 17.72 16.14 1.97 0.75 5918 1.79 76.14 3.28
962 Lee and Kim 2008 L2-A 49.57 3.00 10.63 17.72 15.75 1.97 0.75 5918 3.21 76.14 3.85
963 Lee and Kim 2008 L3-A 49.68 3.00 10.63 17.72 15.16 1.97 0.75 5918 4.76 76.14 4.01
964 Lee and Kim 2008 L4-A 15.85 3.00 10.63 12.60 11.02 1.97 0.75 4424 0.93 79.77 2.03
965 Lee and Kim 2008 L5-A 20.57 3.00 10.63 12.60 11.02 1.97 0.75 4424 1.86 79.77 2.64
966 Lee and Kim 2008 L6-A 22.71 3.00 10.63 12.60 10.24 1.97 0.75 4424 2.79 79.77 3.14
967 Lee and Kim 2008 S2-A 39.79 3.00 10.63 17.72 16.14 1.97 0.75 5918 2.24 76.14 3.01
968 Lee and Kim 2008 S3-A 37.54 4.00 10.63 17.72 16.14 1.97 0.75 5918 2.24 76.14 2.84
969 Lee and Kim 2008 S4-A 19.22 3.00 10.63 12.60 11.02 1.97 0.75 4424 1.40 79.77 2.47
970 Lee and Kim 2008 S5-A 18.43 4.00 10.63 12.60 11.02 1.97 0.75 4424 1.40 79.77 2.37
971 Lee and Kim 2008 S6-A 16.75 5.00 10.63 12.60 11.02 1.97 0.75 4424 1.40 79.77 2.15
972 Lee and Kim 2008 C1-A 36.08 3.00 10.63 17.72 16.14 1.97 0.75 2857 2.24 75.42 3.93
973 Rodriguez et al 2010 SR3 17.10 5.69 9.84 17.72 16.10 7.87 0.63 7340 0.79 76.87 1.26
974 Rodriguez et al 2010 SR4 13.30 7.50 9.84 17.72 16.10 7.87 0.63 6900 0.79 76.87 1.01
975 Rodriguez et al 2010 SR6 23.40 3.41 9.84 17.72 16.10 7.87 0.63 7640 0.79 76.87 1.69
976 Rodriguez et al 2010 SR7 23.10 3.56 9.84 17.72 16.10 7.87 0.63 7120 0.79 76.87 1.73
977 Rodriguez et al 2010 SR8 11.60 8.55 9.84 17.72 16.10 7.87 0.63 7130 0.79 76.87 0.87
978 Rodriguez et al 2010 SR9 17.90 4.77 9.84 17.72 16.10 7.87 0.63 7660 0.79 76.87 1.29
979 Rodriguez et al 2010 SR10 11.30 8.18 9.84 17.72 16.10 7.87 0.63 6150 0.79 75.85 0.91
980 Rodriguez et al 2010 SR11 20.10 2.65 9.84 17.72 16.10 7.87 0.63 6220 0.79 75.85 1.61
981 Rodriguez et al 2010 SR12 17.20 5.73 9.84 17.72 16.10 7.87 0.63 6310 0.79 75.85 1.37
982 Sneed and Ramirez 2010 1-1 29.50 3.01 12.00 12.00 9.13 3.00 0.38 9580 1.20 62.51 2.75
983 Sneed and Ramirez 2010 1-2 31.40 2.98 12.06 24.00 20.88 6.00 0.38 9580 1.25 65.70 1.27
984 Sneed and Ramirez 2010 1-3 33.20 2.98 12.00 30.00 26.81 6.00 0.38 9430 1.24 68.75 1.06
985 Sneed and Ramirez 2010 1-4 37.70 3.00 12.06 36.00 32.37 6.00 0.38 10840 1.30 68.89 0.93
986 Sneed and Ramirez 2010 2-1 12.90 2.99 8.00 12.00 9.19 3.00 0.38 9940 1.26 70.05 1.76
987 Sneed and Ramirez 2010 2-2 35.00 2.99 16.06 24.00 20.81 6.00 0.38 9400 1.20 68.75 1.08
988 Sneed and Ramirez 2010 2-3 58.80 2.97 20.00 30.00 26.94 6.00 0.38 9880 1.30 68.75 1.10
989 Sneed and Ramirez 2010 2-4 79.30 3.00 24.13 36.00 32.37 6.00 0.38 10570 1.30 68.89 0.99
990 Sagaseta and Vollum 2011 BL01 10.53 3.46 5.31 19.69 18.31 7.87 0.39 9926 1.00 84.12 1.09
Author Year Specimen Vtest a/d bw h d bear ag f'c ρ fy V test
kips in in in in in psi % ksi √f' c bd
991 Sagaseta and Vollum 2011 BL02 12.16 3.46 5.31 19.69 18.31 7.87 0.39 9926 1.00 84.12 1.25
992 Sagaseta and Vollum 2011 BG01 13.78 3.46 5.31 19.69 18.31 7.87 0.39 11632 1.00 84.12 1.31
993 Sagaseta and Vollum 2011 BG02 14.19 3.46 5.31 19.69 18.31 7.87 0.39 11632 1.00 84.12 1.35
994 Londhe 2011 V-643 0.80 3.20 3.15 3.20 3.94 5.91 4.92 1.57 0.79 5070 0.80 64.54 2.28
MAX 291.20 8.55 118.11 86.61 78.74 17.01 2.00 18492 5.01 144.89 5.71
MIN 0.43 2.50 0.83 2.00 1.61 0.47 0.08 880 0.14 40.03 0.73
Average 17.90 3.63 8.46 13.34 11.72 4.02 0.70 5849 1.89 64.39 2.76
Standard Deviation 19.82 1.07 7.58 10.12 9.46 2.42 0.27 2997 0.91 13.52 0.90
Author Year Specimen Vtest a/d bw h d bear ag f'c ρ fy V test
kips in in in in in psi % ksi √f' c bd
995 Ortega 2012 CC-R1-NS-1 29.69 3.06 12.00 18.00 15.69 16.00 0.75 5010 1.59 69.14 2.23
996 Ortega 2012 CC-R1-NS-2 29.16 3.06 12.00 18.00 15.69 16.00 0.75 4640 1.59 69.14 2.27
997 Ortega 2012 CC-R2-NS-1 37.23 3.25 12.00 18.00 14.75 16.00 0.75 5010 2.03 69.14 2.97
998 Ortega 2012 CC-R2-NS-2 30.46 3.25 12.00 18.00 14.75 16.00 0.75 4640 2.03 69.14 2.53
999 Ortega 2012 CC-R3-NS-1 47.47 3.25 12.00 18.00 14.75 16.00 0.75 5010 2.71 69.14 3.79
1000 Ortega 2012 CC-R3-NS-2 31.10 3.25 12.00 18.00 14.75 16.00 0.75 4640 2.71 69.14 2.58
1001 Ortega 2012 CC-R4-NS-1 68.61 3.28 12.00 18.00 14.63 16.00 0.75 7320 4.50 71.45 4.57
1002 Ortega 2012 CC-R4-NS-2 45.80 3.28 12.00 18.00 14.63 16.00 0.75 7320 4.50 71.45 3.05
1003 Ortega 2012 CC-R4-NS-3 49.04 3.28 12.00 18.00 14.63 16.00 0.75 7320 4.50 71.45 3.27
1004 Ortega 2012 HVFA-R1-NS-1 26.96 3.06 12.00 18.00 15.69 16.00 0.75 3190 1.59 69.63 2.54
1005 Ortega 2012 HVFA-R1-NS-2 23.87 3.06 12.00 18.00 15.69 16.00 0.75 3130 1.59 69.63 2.27
1006 Ortega 2012 HVFA-R2-NS-1 27.69 3.25 12.00 18.00 14.75 16.00 0.75 3190 2.03 69.63 2.77
1007 Ortega 2012 HVFA-R2-NS-2 25.36 3.25 12.00 18.00 14.75 16.00 0.75 3130 2.03 69.63 2.56
1008 Ortega 2012 HVFA-R3-NS-1 36.47 3.25 12.00 18.00 14.75 16.00 0.75 3190 2.71 69.63 3.65
1009 Ortega 2012 HVFA-R3-NS-2 34.66 3.25 12.00 18.00 14.75 16.00 0.75 3130 2.71 69.63 3.50
1010 Ortega 2012 HVFA-R4-NS-1 26.14 3.28 12.00 18.00 14.63 16.00 0.75 4200 4.50 71.45 2.30
1011 Ortega 2012 HVFA-R4-NS-2 50.76 3.28 12.00 18.00 14.63 16.00 0.75 4200 4.50 71.45 4.46
1012 Ortega 2012 HVFA-R4-NS-3 42.97 3.28 12.00 18.00 14.63 16.00 0.75 4200 4.50 71.45 3.78
